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CHAPTER 1 
 
1.1 Introduction  
Cenozoic Patagonian Volcanism (CPV) consists of large and numerous lava plateaus and 
monogenetic spatter cones, located from 38°S to 52°S along the so-called extra-Andean 
domain. They represent one of the most important Cenozoic magmatic activities of South 
America (Ramos, et al., 1982a; Stern et al., 1990; Ramos and Kay, 1992; Gorring et al., 
1997; 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 2001; Espinoza et al., 
2005; Guivel et al., 2006). 
The CPV include alkaline as well as subalkaline mafic series, with the exception of the 
trachytic lavas from the Somuncura Plateau (40°S 68°W) (Corbella 1983, 1985, 1989; Kay 
et al., 1993), and they generally show within-plate geochemical signatures with minor 
subduction-related and continental crust components. Sr-Nd-Pb isotope ratios span in a 
wide range (0.7030-50, 0.5129-26, 19.1-18.1 for 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb 
respectively) suggesting the involvement of both depleted and enriched mantle sources. 
Although it is widely accepted that Patagonian Basaltic Province is derived from the 
activation of different mantle sources, its geodynamic significance is currently a matter of 
debate.  
In fact, concerning the sources involved during CPV generation processes, Ramos (1989), 
Ramos and Kay (1992), Gorring et al. (1997, 2001) and D’Orazio et al. (2000, 2001), 
argued that the main plateau basalts, located between 52-46° S, originated by an 
important contribution of sub-slab asthenosphere. These authors maintain that, in 
response to the subduction of Chile Ridge and the development of a slab-window 
(Thorkelson, 1996), an upwelling mantle flow is generated through the gap between the 
subducting oceanic Nazca and Antarctic plates. In this view, Patagonian magmas are 
generated by decompression melting processes, which occurred during the upwelling flow, 
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and by the subsequent thermal effect on supra-slab mantle asthenosphere and sub-
continental mantle lithosphere. 
Nevertheless, as this hypothesis gives satisfactory geodynamic explanations exclusively 
for the plateau basalts located south of 46°S, alternative hypotheses must be invoked to 
account for the origin of the magma erupted north of 46°S. 
In fact, to explain the origin of Somuncura Plateau lavas, Kay et al. (1993) proposed the 
presence of a ‘weak plume’; de Ignacio et al., (2001) proposed that canalized mantle flows 
were induced by slab roll-back processes associated with a concave-up shape of the 
subducting plate; whereas Massafero et al. (2006), to account for the Crater Basalt 
Volcanic Field genesis, hypothesised the presence of deep fractures inducing tectonic 
decompression and melting processes. 
In this work, the age of and the chemical and isotopic compositions (Sr-Nd-Pb) of some 
plateau lavas and spatter cones located in central Patagonia (Chubut Province, Sarmiento 
area, 44°-46°S, 69°-71° W) are presented and discussed. Before this study, the knowledge 
about the volcanic field in this area was extremely limited and few chemical and isotopic 
analyses are available (Baker et al., 1981; Kay et al., 2004). Additionally, this zone is 
located outside the vertical projection of the supposed slab window and hence, the study 
of its magmatic events can give important information on the nature of the mantle beneath 
the Patagonian back-arc domain and draw speculation on their geodynamic significance.  
In addition, a chemical and isotopic (Sr-Nd-Pb-He) study on the main plateau lavas, 
located south of 44° and erupted in the last 15 my, is presented. It represents the first 
helium isotopic study performed on Patagonian basalts with the aim to characterize and to 
distinguish the main chemical and isotopic features of the sources involved during the 
genesis and ascent towards the surface of the Patagonian magmas. 
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CHAPTER 2 
 
2. 1 Regional Geologic Setting 
Patagonia is the continental region of South America extending below the latitude of 38° S, 
and its current tectonic setting involves the mutual interactions of three oceanic plates: 
Scotia, Nazca and Antarctic plates. 
The Scotia Plate is separated from South America by a left-lateral strike-slip fault zone: the 
Magallanes Fault System (Cunningham, 1993). Nazca and Antarctic plates, even if with 
different rates and azimuths, subduct beneath South America (Nazca, approximately 
075°N 78 mm/ yr; Antarctica, approximately 090°N and 21 mm/yr (DeMets at al., 1994). 
Between them, the Chile Ridge develops and it collides with the Chile Trench in proximity 
to the Taitao Peninsula (46°30’ S) forming the Antarctic-Nazca-South America triple 
junction (Chile Triple Junction, CTJ) (Fig. 2.1). 
Thus, as the Andes represent the plate-boundary zone where the relative motions 
between oceanic and continental plates are absorbed, CTJ is an important tectonic 
discontinuity identifying two distinct Andean segments resulting from the different styles 
(directions, rates and dips) of subduction of Nazca and Antarctic plates. 
North of the CTJ, the Nazca Plate subducts beneath South America with an azimuth of 
approximately 075° N and rate of 78 mm/ yr (DeMets at al., 1994). The Andean Belt is 
characterized by a series of NNE-SSW faults and shear-zones, called Liquiñe-Ofqui Fault 
System and originated in response to the oblique subduction of Nazca Plate beneath 
South America (Dewey and Lamb, 1992; Nelson et al., 1994; and references within). The 
transcurrent movements along this shear-zone generated a tectonic escape of the Chiloe 
block, that moves northward with respect to the South American Plate. In addition, this 
fault system affects the spatial distribution of volcanic centres that align along the main 
fault directions. South of CTJ, the Antarctic Plate subducts beneath the continent with an 
azimuth of about 090° E and rate of 20 mm/yr (DeMets at al., 1994) 
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Figure 2.1: Schematic geodynamic setting of southern South America and adjacent oceanic plates 
(Nazca, Antarctic, Scotia). In the sketch are also reported: the oceanic fracture zones (dashed 
lines), the Chile Ridge (grey strips), the supposed ridge trench collision ages (after Gorring et al., 
1997), the Chile Trench, the transcurrent margin between Scotia and South America plates, the 
Chile Triple Junction (CTJ) (grey star), the main arc volcanoes of Southern Volcanic Zone and 
Austral Volcanic Zone of the Andes (smoking triangles), the main plateau lavas of Cenozoic 
Patagonian Volcanism (grey areas), the Deseado and Norpatagonico massifs, the convergence 
vectors of Nazca and Antarctic plates with respect to the South America (DeMets at al., 1994).   
 
Just south of CTJ, an anomalous near-trench magmatism occurs (Forsythe et al., 1986; 
Guivel et al., 2003) and a volcanic gap, ~  350 km wide, separates the Austral Volcanic 
Zone (AVZ) from the South Volcanic Zone (SVZ) (Stern and Kilian, 1996).  
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The shape and evolution of the volcanic gap is controlled by the decrease of depth at 
which slab dehydration occurs and by the lack of subducted slab due to the opening of a 
slab window (Thorkelson, 1996; Ramos and Kay, 1992). In fact, when a ridge collides with 
a trench and subducts beneath an active plate margin, the divergence between the two 
plate edges continues, the spreading processes cease and a slab-window is created 
(Thorkelson, 1996). 
The southernmost portion of the Andean belt is cut by a series of transcurrent faults that 
merge westwards with a Magallanes Fault System. This fault system dislocates 
southwards part of the fore-arc zone accommodating different convergence vectors 
between the Scotia-South American and Antarctic-South American plates pairs 
(Cunninghan, 1993).  
In this part of Andean belt, the western edge of the Patagonian batholith lies close to the 
Chile Trench due to the partial or complete lack of the post Paleo-Mesozoic accretionary 
prism. In fact, field mapping and geophysical data collected during the last two decades 
illustrate the presence of small Mio–Pliocene accretionary complex (Cande and Leslie 
1986; Polonia et al., 1999) with a continental backstop usually directly involving the 
Patagonian Batholith (Polonia et al., 1999). The enormous amount of missing continental 
crust has been accounted for by numerous authors supposing important tectonic erosion 
processes (Bruhn and Dalziel, 1977; Cande and Leslie 1986). These latter occurred in the 
early Miocene, before the first ridge trench collision (14 Ma), as a consequence of the 
subduction of the young oceanic Nazca Plate (Cande and Leslie, 1986; Polonia et al., 
1999).  
In the extra-Andean Patagonia, numerous Cenozoic plateau lavas, overlain by spatter and 
scoria cones, form a discontinuous belt from 40° to 52° S (Stern et al., 1990). These 
volcanic fields are the result of magmatic activities that began in the early Cenozoic and 
continued throughout Cenozoic (Baker et al., 1981; Stern et al., 1990; Ramos and Kay, 
1992; Gorring et al., 1997; D’Orazio et al., 2001, Guivel et al., 2006).  
The back arc position of these lavas and their OIB-like signatures suggested that they 
were erupted in an extensional regime (Skewes and Stern, 1979; Baker et al., 1981) 
involving a plume-pudding asthenosphere (Stern et al., 1990). In 1992, Ramos and Kay 
underlined the lack of a significant Neogene extension and supposed a magma genesis 
linked to slab-window opening.  
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Gorring et al. (1997, 2003), Gorring and Kay (2001), D’Orazio et al., (2000, 2001, 2005), 
Espinoza et al. (2005), Guivel et al. (2006) suggested the occurrence and space-time 
distribution of the Patagonian magmatism south of the Chile Triple Junction (CTJ; 46.5° S) 
could be linked to the upwelling sub-slab mantle flows through the gap between the 
subducting oceanic Nazca and Antarctic plates.  
 
2.2 Outlines of the Patagonian Meso-Cenozoic tectonic history 
2.2.1. Toward the Gondwana Break-up Stage (250-180Ma) 
It is generally accepted that at the end of Paleozoic, South America, Patagonia, Africa and 
Antarctica formed a single supercontinent: the Gondwana. Today, the few outcrops of 
Paleozoic rocks occurring in the Patagonian Cordillera, the Falkland Islands, the 
Norpatagónico Massif and the Deseado Massif (Dalziel, 1982; Dalziel and Brown, 1989; 
Pankhurst et al., 2003, 2006) do not allow us to constrain the tectonic history of the zone. 
Nevertheless, Ramos (1984, 1986, 1988), Pankhurst et al. (2003, 2006) suggested a 
complex shortening crustal evolution related: (i) the collision of allochthonous terrains with 
the active Pacific margin, (ii) the collision and suture of the Patagonian plate with the 
Gondwana and (iii) the Gondwanide Fold Belt generation.  
 
 
 
Figure 2.2: Gondwana reconstruction at 240 Ma. Black arrows represent the direction of 
subduction.   
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At the end of Paleozoic, the western margin of Gondwana showed a pre-Andean tectonic 
segmentation (Franzese and Spalletti, 2001) with different tectonic structures north and 
south of the current 40° S.  
Northside: this area does not show any evidence of subducted slab and the tectonic 
scenario is dominated by strike-slip regime sub-parallel to the western Gondwana margin. 
Southside: clear evidence of arc magmatism occurs on the batholith of Central Patagonia 
(Rapela and Pankhurst, 1992). Currently, the Central Patagonian Batholith is oriented 
obliquely with respect to the South America western margin implying a different 
paleogeographic scenario during its generation.  
From Late Permian to Early-Middle Triassic, the western margin of Gondwana was 
characterized by a widespread silicic magmatism (Choiyoi group (Kay et al., 1989; 
Mpodozis and Kay, 1990; Ramos and Kay, 1991) linked to the slab break-off process after 
major assembly of a super continent by sbduction and accrection processes (Kay et al., 
1989).  
During the Upper Triassic to Lower Jurassic, a new series of extensional basins, related to 
the collapse of Gondwana orogene (Franzese and Spalletti, 2001), formed and a new 
cycle of volcaniclastic rock sedimentation occurred in continental-lacustrine facies. 
 
2.2.2. Break-Up Stage (180-165 Ma) 
The break-up stage, that ended with the Gondwana fragmentation, is characterized by a 
widespread continental extension followed by the Gondwana break up and the 
development of Weddell Sea (Storey, 1995, 1996; Storey et al., 1996).  
Around that time, in fact, the Antarctic and South American plates started to move 
eastward and westward with respect to Africa, respectively, and a major tectonic 
reorganization in crustal blocks occurred in Gondwanaland. The clockwise rotation of the 
Falklands Blocks, the anticlockwise rotation of the Ellsworth Mountains Block and the 
westward migration of the Patagonian Plate along the Gastre fault Zone have been the 
most important tectonic events. The break up of Gondwana was temporally associated 
with the emplacement of very large magmatic provinces that probably played a key role in 
the paleogeographic reconfiguration of the continent (Storey, 1985). 
Storey (1995, 1996) suggests that the emplacement of the Karoo Province, forming a 
linear belt from southern Africa through Antarctica to Australia (Heimann et al., 1994), and 
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linked with mantle plume phenomena (Cox, 1988, 1992), generated important thermal 
effects that could have driven the tectonic reorganization processes.  
The magmatism, nevertheless, is not exclusively restricted to basaltic lavas of the Karoo 
Province; in fact, contemporaneous granitic rocks emplaced within the Ellsworth Whitmore 
Mountain block in west Antarctica (Storey et al., 1988) and important areas of South 
America and Antarctic Peninsula were covered by one of the largest silicic volcanic 
provinces in the world (Chon Aike Province; Gust, et al., 1985; Pankhurst and Rapela, 
1995; Pankhurst et al., 2000).  
Even if different petrological mechanisms are proposed for the production of a silicic 
province, including crustal melting (Gust et al., 1985) or rapid re-melting of underplated 
mafic rocks (Pankhurst and Rapela, 1995), the important point is that the Ellsworth 
Whitmore granites, Chon Aike Province, and the Karoo basaltic province testify for high 
heat flows and melt generations beneath an extensive region of Gondwanaland (Storey, 
1995).  
 
 
 
Figure 2.3: Gondwana reconstruction at 165 Ma. Black arrows in the Pacific Ocean represent the 
direction of subduction, while over South America and Antarctica they show the movements of 
these continents with respect to the Africa.  
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Therefore, during the ‘break-up stage’, Patagonia was covered by the volcanic rocks of 
Chon Aike Province (Pankhurst et al., 2000) whereas its paleogeographic reconfiguration 
occurred along the major dextral strike slip faults (e.g. the Gastre Fault Zone; Rapela and 
Pankhurst, 1992). 
The movements along the Gastre Fault Zone, during the westward migration of Patagonia, 
occasionally induced trans-tensional regimes associated with minor magmatic events 
(Andesitas Alvard Formation; Aragón et al., 2003).  
During the Middle Jurassic, the development of Andean Cordillera began in Patagonia and 
the continental extensional basins evolved towards marine environment. 
At the end of the Middle Jurassic, a tectonic inversion and the growth of magmatic arc 
generated the closure of the continental marine basins and the opening of new continental 
depocentres with the generation of lacustrine-fluvial systems (Canadon Asfalto). 
From Middle to Late Jurassic, oceanic crust formed in the Weddell Sea as East Gondwana 
rotated away from the rest of the supercontinent (Storey, 1996). 
In Patagonia, extensive volcanism continued (Chon Aike Formation) and when the block 
rotation was completed the extension began in the Falkland plateau. 
 
2.2.3. From Break-Up, through Rifting Processes to post rifting processes 
In the late Jurassic to early Cretaceous, the paleogeographic reorganization, controlled by 
strike-slip movement, ceased and a new extensional stress field, generated by the 
beginning of the South Atlantic opening, controlled the shape and geomety of Patagonian 
Basins (Macdonald et al., 2003). Macdonald et al. (2003) suggest that pre-existing 
structures played a significant role in determining the line of continental break-up. 
This extensional regime is associated with important explosive and effusive magmatic 
events, representing the final expression of Chon Aike volcanism (Pankhurst et al., 2000). 
In the Austral Basin, the southernmost Patagonian basin, the extensional processes were 
so intence that spreading processes occurred and oceanic crust floor was created. The 
evidences of these oceanic processes are recognized in the Andean foothills where the 
Rocas Verdes Formation crops out in the form of ophiolitic complex (Dalziel, 1974, 1981). 
The study of clastic deposits in the Austral Basin highlights a close relationship with 
Weddell Sea (Spalletti and Franzese, 1996a, 1996b).   
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Figure 2.4: Gondwana reconstruction at 135 Ma. Black arrows in the Pacific Ocean represent the 
direction of subduction, while over South America and East Antarctica they show the movements 
of these continents with respect to Africa.  
 
North of the Austral Basin the within-plate extension reactivated preexisting depocentres 
and originated new ones, as the San Jorge Basin (Fitzgerald et al., 1990). Mechanical 
subsidence, continental deposition systems, and a strong volcanoclastic influx are the 
most important characteristics of these basins at that time (Franzese et al., 2003). 
North of the Patagonia, oblique extension resulted in the rotation of the Brazil microplate 
along the Pernambuco Shear Zone; the trans-extensional basins, associated with the 
Brazil rotation event, represented the first connection between Central and South Atlantic 
in the last part of Albian (Bengtson and Koutsoukos, 1992).  
From Albian (approx. 100 Ma), tectonic boundary conditions changed and the onset of a 
compressional regime is testified to by the closure and inversion of the Rocas Verdes 
back-arc basin (Dalziel, 1974, 1981; Nelson, 1982), followed by the uplift of the Cordillera 
and emplacement of plutonic rocks (Karz, 1972; Suárez and Pettigrew, 1976; Winslow, 
1981, 1982, 1983). 
The change from extensional to compressional regime coincided with the global increase 
in sea-floor spreading rates and the main opening phase of the South Atlantic Ocean.  
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This tectonic stage induced a significant variation in the size and shape of the Patagonian 
basins as well as their eastward migration. At the end of this stage, the first Atlantic 
transgression was recovered over large areas of the Patagonia and the west central part 
of Argentina (Franzese et al., 2003).    
 
 
 
Figure 2.5: Gondwana reconstruction at 90 Ma. Black arrows in the Pacific Ocean represent the 
direction of subduction, while over South America they show the movements of this continent with 
respect to Africa.  
 
2.2.4. Cenozoic tectonic history 
The Cenozoic tectonic evolution of Patagonia is closely linked to four main geodynamic 
events occurring in the adjacent Pacific area along its western margin: 
1) Cande and Leslie (1986), Ramos and Kay (1992) and Ramos (2005) report geological 
evidence in Patagonian arc and back arc setting of Paleogene ridge-trench collisions.  
In the model proposed by Ramos and Kay (1992), the ridge Farallon-Aluk collided with the 
South American continental margin at 43° S at about 52 Ma and, due to the ridge-trench 
geometry, it rapidly migrated southwards arriving at the latitude of Tierra del Fuego at 
about 40 Ma. 
2) The Drake Passage started to open around 30 Ma (Barker and Burrell, 1977; Lawver et 
al., 1985) between South America and Antarctic Peninsula. Sedimentary records, in fact, 
suggest that until 30 Ma a continuous continental margin runned from North America to 
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Antarctica. The progressive opening of this passage generated the anticlockwise rotation 
of the southernmost tip of South America, the clockwise rotation of the Antarctic Peninsula 
and, therefore, the development of the Scotia Plate between them.  
 
 
 
Figure 2.6: Reconstruction of the plate configuration in the southeast Pacific relative to the main 
geodynamic events occurred between 54 and 22 Ma. For references see the text.  
 
3) The Farallon Plate (paleo-Nazca) broke up around 25 Ma forming Guadalupe and 
Nazca plates north and south of the Grijalva fracture zone, respectively.  
The Farallon breakup was followed by the shift in the pole of rotation of the southern 
fragment (Nazca) changing its movement direction from 15° N to 80° N. During the last 25 
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my, the Nazca Plate maintained an almost constant direction and rate (Cande and Leslie, 
1986; Tebbens and Cande, 1997). 
4) At 14 Ma a segment of the Chile Ridge, separating the Nazca Plate and the Antarctic 
Plate, collided with the Chile Trench at the latitude of the Tierra del Fuego (55°S). Since 
that event, the resulting Triple Junction (South America, Nazca, Antarctica) migrated 
northward up to its current position near the Taitao Peninsula. Cande and Leslie (1986), 
using sea floor magnetic anomalies, tracked the ridge segment collision’s history 
highlighting four main ridge-trench collisions (at 14-10, 6, 3 Ma and the last one in 
progress).  
 
 
 
Figure 2.7: Reconstruction of the plate configuration in the southeast Pacific relative to the main 
geodynamic events occurred between 14 and 1 Ma. For references see the text 
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2.3 Chile Ridge-Trench collisions: the tectono-magmatic effects 
In the last 14my, the tectonic history of the southernmost part of South America is 
dominated by a series of ridge-trench collisions that occurred along its western margin 
(Cande and Leslie, 1986).  
Cande and Leslie (1986), using oceanic floor magnetic anomalies, sketched the space-
time interactions between the Chile Ridge and the South American Plate and recognised: 
(i) approximately 14 Ma, a segment of the Chile ridge collided with the South America 
Trench at the latitude of the Tierra del Fuego, (ii) four main ridge-trench collision events (iii) 
and progressive northward migration of these collision events until arriving at its current 
position in proximity to the Taitao Peninsula (fig. 2.7 and fig. 2.1). 
The effects of these ridge trench collisions strongly affected the tectono-magmatic 
evolution of the Patagonia fore-arc (Forsythe and Nelson, 1985; Forsythe et al., 1986; 
Murdie et al., 1993; Bourgois et al., 1996, 2000; Guivel et al., 1999, 2003; Lagabrielle et 
al., 1994, 2000; Ramos, 2005), arc (Stern and Kilian 1996; Sigmarsson et al., 1998; 
D’Orazio et al., 2003; Gutiérrez et al., 2005) and back-arc (Ramos, 1989; Ramos and Kay, 
1992; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 
2001; Espinoza et al., 2005; Guivel et al., 2006). 
The fore arc zone, close to the Taitao Peninsula is characterized by a near trench 
magmatism, young ophiolitic complex and numerous brittle and ductile shear zones.  
The near-trench magmatism is represented by Pliocene silicic intrusions and by Plio-
Pleistocene basic and acid volcanic rocks and it was directly linked to Chile ridge 
subduction (Forsythe et al., 1986; Guivel et al., 2003). The subduction of a ridge and the 
consequent slab-window opening (Thorkelson, 1996) allows the upwelling and the melting 
of sub-slab asthenosphere (basic magmas are created) and induces high thermal 
anomalies (Lagabrielle et al., 2000) that are able to remelt the underplated portions of the 
young lithospheric oceanic plate (Lagabrielle et al. 2000; Guivel et al., 1999, 2003).  
The ophiolitic complex, called Taitao Ophiolite, is exposed on the westernmost part of the 
Taitao Peninsula. It consists of a complete oceanic sequence (ultramafic rocks, gabbros, 
dykes, pillow lavas and sedimentary covers). Its occurrence is accounted for by obduction 
processes during the Chile ridge trench collisions (Forsythe et al., 1986). 
Field investigations on the Taitao Peninsula proved the presence of a set of brittle and 
ductile shear zones that dislocate important crustal block (Murdei et al., 1993).  
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This set of shear zones, merging toward the Liquiñe-Ofqui Fault System, is considered the 
evidence of strong tectonic coupling between the downgoing young Nazca oceanic plate 
and the upper continental crust (Murdie et al., 1993; Lagabrielle et al., 2000). 
Other evidence of important tectonic interactions between the South American Plate and 
the subducted oceanic plates are exposed along the forearc zone south of CTJ.  
In this part of Andean belt, in fact, the presence of a small accretionary complex and of a 
set of transcurrent faults was closely linked to the subduction of the young oceanic Nazca 
and Antarctic plates. Important tectonic erosion processes (Bruhn and Dalziel, 1977), 
which occurred as a consequence of the subduction of the young oceanic Nazca Plate 
(Cande and Leslie, 1986; Polonia et al., 1999), are invoked to explain the enormous 
amount of missing continental crust. In addition, the tectonic coupling and the different 
convergence vectors between the Scotia-South American and Antarctic-South American 
plates pairs resulted in the generation of the trascurrent fault systems (Cunninghan, 1993).  
At the latitude of CTJ, the arc zone shows a volcanic gap extending for 350km. This gap 
separates the SVZ (north of 46°S) from the AVZ (south of 49°S) (Stern and Kilian 1996) 
and is closely linked to the current ridge-trench collision. In fact, the subduction of young 
oceanic crust produces a decrease of the depth at which slab dehydration occurs 
generating anomalous near-trench magmatism (Forsythe et al., 1986; Guivel et al., 2003). 
In addition, the lack of addition of slab-derived fluids beneath the arc zone (slab 
dehydration occurred beneath the forearc zone) and the slab-window opening lead to a 
reduction and successively to an end of the melting processes within the mantle wedge.  
The AVZ and the SVZ expand north and south of the volcanic gap, respectively (Stern and 
Kilian, 1996). AVZ exclusively erupted adakite-like magmas and, although different 
petrological processes can be invoked to explain these kinds of signatures (Kay, 1978; 
Gutscher et al., 2000a; Yogodzinski et al., 2001; Garrison and Davidson, 2003), some 
authors (Stern and Kilian, 1996; Sigmarsson et al., 1998), on the basis of chemical-
isotopic data and geological evidence, proposed an important slab-melt contribution from 
the young and hot oceanic Antarctic plate. 
In contrast, the SVZ is characterized by the eruption of magmas with the typical orogenic 
geochemical signatures. Its magmas appear similar to the worldwide majority of the arc 
stratovolcanoes with no slab-melt contribution. Numerous authors suggest that SVZ 
magmas result from the melting of a mantle wedge essentially modified by sediment- or 
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slab-derived fluids (Hickey et al., 1986; Hickey-Vargas et al., 1989; Futa and Stern 1988; 
López-Escobar et al., 1993, 1995a, 1995b; D’Orazio et al., 2003). 
Nevertheless, the most important effects linked to Chile Ridge- Chile Trench collisions 
occurred in the Patagonia back-arc domains(Ramos and Kay, 1992; Gorring et al., 1997; 
D’Orazio et al., 2000, 2001; Guivel et al., 2006). In fact, on the basis of geochronological 
data, Ramos and Kay (1992) recognised that the deformation phase, responsible for 
Patagonian fold-belt generation, started around 14 Ma, just before the first ridge trench 
collision and that this deformation phase was followed by the eruption of large volumes of 
magmas (Ramos and Kay, 1992; Gorring et al., 1997; D’Orazio et al., 2000).  
The relationship between ridge-trench collision, Patagonian fold-thrust belt generation and 
the eruption of large magma volumes becomes clear if we consider that: 
(i) when a ridge collides with a trench and subducts beneath a continental plate, a slab-
window opens (Thorkelson, 1996), and 
(ii) the development of a slab-window allows the upwelling of the subslab mantle 
asthenosphere that can partially replace the supra-slab mantle.  
This series of processes generated high heat flows that induced the continental crust to 
deform under ductile conditions (Patagonian fold-thrust belt is created) (Ramos and Kay, 
1992), and decompression melting processes of the upwelling of sub-slab asthenospheric 
mantle, which are responsible for the eruption of large volume of magmas. 
 
2.3.1 Cenozoic Patagonian Volcanism (CPV) 
Cenozoic Patagonian Volcanism consists of large and numerous lava plateaus overlain by 
monogenetic spatter and scoria cones, located from 38°S to 52°S along the so-called 
extra-Andean domain (Stern et al., 1990). They represent one of the most important 
Cenozoic magmatic activities of South America. 
The plateau lavas form large and elevated mesetas with medium thicknesses of up to 100-
200 m. Scoria and spatter cones, with the associated lava flows, occur on top of these 
plateau lavas. These magmatic products have a total surface of about 60,000-80,000 km2. 
Due to the variable thicknesses of these mesetas the total volume of the erupted magmas 
is difficult to estimate, but in accord with D’Orazio et al., (2004) it should be between 
10,000 and 15,000 km3. 
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The Patagonian Cenozoic igneous rocks include alkaline as well as subalkaline mafic 
suites (with the exception of the trachytic lavas from the meseta of Somuncura (Corbella, 
1983, 1985, 1989; Kay et al., 1993), and they generally show OIB-like geochemical 
signatures with minor contributions linked to subduction related components or continental 
crust assimilation processes (Ramos et al., 1982a; Stern et al., 1990; Gorring et al., 1997, 
2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 2001; Espinoza et al., 2005; 
Guivel et al., 2006). Published geochronological data highlight an almost continuous 
Cenozoic activity with two main magmatic phases: the first during Paleocene-Eocene and 
the second in the last 14 Ma.  
Ramos and Kay (1992), on the basis of the OIB-like chemical compositions of the erupted 
lavas and the time-correspondences with the Eocene and Middle Miocene to Recent ridge 
trench collisions, proposed the activation of sub-slab mantle asthenosphere.  
They suggested that the opening of a slab window beneath the Patagonia allows the sub-
slab asthenosphere to flow upward and to melt due to decompression melting processes. 
Successively, numerous authors reinforced and redefined the slab window model 
highlighting systematic correspondences between the Chile ridge-trench collisions and 
back-arc magmas eruptions (Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001; 
Gorring and Kay, 2001). The above cited authors recognised: (1) a temporal relationship 
between ages of the ridge-trench collisions and those of the magmas eruption in the back-
arc domain; (2) the presence of two main magmatic phases consisting in the emplacement 
of large volumes of subalkaline lavas (Main Plateau Sequence) followed by the eruption of 
less voluminous alkaline magmas (Post Plateau); (3) the progressive eastward migration 
of both Main and Post Plateau Sequences good fit with the geometry of the slab-window 
opening; (4) an important contribution of the sub-slab asthenosphere in the genesis of 
Patagonian magmas  
 
2.4 Local Geological setting: Sierra San Bernardo and Río Genoa-
Sengurr Valley (BGS area) 
The study area is located in Central Patagonia, in the back-arc setting of the South 
Volcanic Zone (SVZ), between latitude 45-47 °S and longitude 69-71 °W, within the San 
Jorge Basin.  
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The San Jorge Basin is a Mesozoic extensional basin (Fitzgerald et al., 1990) extending 
from the Andean belt to the Atlantic Ocean and it is closed between Norpatagónico Massif 
and Deseado Massif at north and south, respectively. These massifs are cratonic blocks 
representing Precambrian-Palaeozoic continental crust (Pankhurst et al., 2003, 2006; 
Guido et al., 2004) involved in late Paleozoic collision between Patagonia and Gondwana 
plates (Ramos, 1984, 1986; Pankhurst et al., 2006).  
Ramos (1984, 1986, 1988) and Pankhurst et al. (2006) on the basis of sedimentary, 
structural and magmatic evidences, proposed that Patagonia, Antarctic Penisula and other 
minor fragments were accreted to Gondwana during mid-Carboniferous early-Permian. 
They recognised two main stages suggesting: (1) a northward subduction of oceanic crust 
beneath the southernmost part of Gondwana during early Carboniferous (2) followed, in 
the mid-Carboniferous, by the collision of the Patagonia-Gondwana plates.  
 
 
 
Figure 2.8. Schematic geological and tectonic setting of South America Plate and adjacent 
oceanic plates (Nazca Plate, Antarctic) between 44° and 47° S. In the sketch are reported the 
oceanic fracture zones (dashed lines), the Chile Ridge, the subduction zone (continuous line with 
black triangles), the Ofqui-Liquiñe fault system (continuous line), the convergence vectors of Nazca 
and Antarctic plates with respect South America (DeMets at al., 1994). The main geological and 
tectonic units are reported in the key beneath the figure.  
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Concerning the Andean belt, at the latitude of the study area, it presents, from west to 
east, three tectonically distinct parallel domains: (1) the forearc zone, in which the Coastal 
Range and Triaguén and Aycara formations occur with a N-S trend; (2) the Main 
Cordillera, consisting of the Mesozoic to Cenozoic Patagonian Batholith, in which is 
localized the active volcanic zone; (3) Jurassic to Cretaceous volcanic and sedimentary 
deformed rocks occur at east of the Main Cordillera (Fig. 2.8).  
The Coastal Range, at the latitude of the study area, crops out throughout Chonos 
Arcipelago and the Taitao Peninsula. It represents an accretionary complex developed 
along the south-western margin of Gondwana during Late Paleozoic to Early Mesozoic 
time (Hervé, 1988). On the western margin, it is formed by micaschists, metacherts, 
metabasites that are characterized by high P (9.4 kbar) and by low T (≈500°C) 
metamorphic conditions (Willner et al., 2000). 
Towards the east, the intensity of deformation and metamorphism progressively decrease 
(Hervé et al., 1981) and coherent bodies of weakly metamorphosed (5.5 kbar, ≈250-280° 
C; Willner et al., 2000) turbidite successions crops out in the eastern part. The Triaguén 
and Aycara formations (Rojas et al., 1994; Hervé et al., 1995) occur between the Chonos 
Complex and the Patagonian Batholith. They consist of late Eocene to early Miocene 
marine volcano sedimentary rocks deposited in pull-apart or extensional basins (Hervé et 
al., 1995) along a N-S Mesozoic discontinuity (Cembrano et al., 2000).  
The Ofqui-Liquiñe fault zone (OL) borders the eastern part of the fore arc zone and 
essentially occurs within Patagonian Batholith. OL is the main tectonic lineament of Chile 
and amongst one of the most important and largest active stike-slip fault zone of the 
current worldwide convergent margins (Jarrard, 1986). This fault zone is characterized by 
a series of NNE-SSW brittle and ductile-shear zones that localize the Plio-Miocene to 
Recent arc magmatism. 
Its dextral strike-slip movements, dislocating the fore-arc zone northwards (Dewey and 
Lamb, 1992; Nelson et al., 1994; and references within), is considered the result of the 
oblique subduction of Nazca Plate beneath South America and the collision of the Chile 
Ridge spreading centres with the South America continental margin during the last 10 my 
(Cembrano et al., 2000; Thompson, 2002). 
Patagonian Batholith is dominated by calc-alkaline plutonic rocks showing a complex 
episodic pattern of early Cretaceous to early Miocene emplacement ages (Pankhurst et al., 
1999). Thompson (2002), using of fission tracks thermochronology on apatite and zircon 
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crystal, suggested that since the Late Miocene this zone was the focus of high rates of 
cooling and denudation caused by transpression-induced rock uplift and balanced by a 
high rate of glacial erosion. In addition, he proposed a structural model in which the Ofqui-
Liquiñe fault zone forms, in this part of Patagonian Batholith, crustal-scale dextral 
transpressional flower structures or crustal pop-up. 
The Jurassic to Cretaceous volcanic and sedimentary rocks are exposed east of the 
Patagonian Batholith and are represented by three main units. At the base, the Jurassic-
Cretaceous volcanic and sedimentary sequences are formed by essentially Middle to Late 
Jurassic acid volcanic rocks (Ibáñez Group, Chon Aike province, Pankhurst et al., 1998). 
In the middle, occur marine sedimentary rocks of the Coyhaique Group (Suárez et al., 
1996; Folguera and Innizzotto, 2004) while, at the top, these beds are overlain in 
paraconformity by the volcanic succession of the Divisadero group. These units represent 
the result of synrift sedimentary phases occurring during Jurassic and early Cretaceous 
time (Figari et al., 1997) and formed during subduction in an extentional regimes (Ramos 
et al., 1999). Thy, successively, are involved in the Andean orogenic uplift and deformation 
during Middle Cretaceous time (Dalziel, 1981).  
In addition, numerous but isolate gabbro intrusions cut the Jurassic to Cretaceous volcanic 
and sedimentary sequence during late Oligocene time (Suárez and De la Cruz, 2001; 
Morata et al., 2005). 
Concerning the current geometry of the subducting Nazca oceanic plate beneath this part 
of South America, geophysical data do not allow us to obtain a well-constrained model. 
Indeed, south of the 43° S, deep seismicity associated with the subducting oceanic plate is 
lacking due to the young age of the slab (less than 10 Ma). Nevertheless, as volcanic arc-
trench distances remain fairly constant between 34° and 46° S, and Gutscher et al. (2000, 
2002) suggest that in southern-central Chile (34-42°S) the Nazca Plate subducts steeply to 
150 km beneath the Southern Volcanic Zone (the mean dip angle is 30°), we can suppose 
that the Nazca Plate and the South American Plate exhibit, at the latitude of the study 
area, a comparable geometry. 
In back-arc position with respect to this part of the Andean belt, the Meso-Cenozoic San 
Jorge Basin occurs. Since Jurassic times, in fact, this part of South America has been 
characterized by the presence of numerous fault-driven depocenters. These depocenters 
had grabens and half-grabens geometry and NNW orientations. 
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Figure 2.9: Tectonic sketch of the study area. The main geological units are reported in the key 
beneath the figure 
 
In general, they are related to the beginning of the Gondwana Breakup and the opening of 
Atlantic Ocean (Uliana and Biddle 1987; Fitzgerald et al., 1990). Clastic and volcanoclastic 
materials filled these extensional structures in lacustrine, fluvial and continental 
paleoenvironments. The most important volcanic event, recorded within these sedimentary 
rocks, was the Chon Aike Formation, one of the largest silicic volcanic provinces in the 
world (Gust et al., 1985; Pankhurst and Rapela 1995). 
In oil exploration studies, Middle to Late Jurassic volcanic and volcanoclastic sedimentary 
rocks are considered of economic interest (Uliana and Biddle 1987; Fitzgerald et al., 1990; 
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Rodriguez and Littke, 2001). 
During Cretaceous time, the development of normal faulting ceased and thermal-
subsidence associated with sediment loading started (sag phase) (Uliana and Biddle 1987; 
Fitzgerald et al., 1990). However, Hechem (1994; 1997) suggests that syndepositional 
faulting continued during the Cretaceous Time too. 
This sedimentary cycle is called Chubutiano and formed the Chubut sedimentary Group 
(Lesta 1968). The Chubut sedimentary Group is deposited in angular-unconformity over 
the Jurassic sedimentary sequence (Figari et al., 1999). It is essentially constituted by 
volcaniclastic materials that were deposited in fluvial and marginal marine sedimentary 
facies. Currently, it is considered a good sedimentary sequence reservoir for 
hydrocarbons.  
At the end of Cretaceous time (Maastrichtian), a new sedimentary cycle took place. In fact, 
the acceleration of subsidence rates associated with extentional conditions and marine 
transgressions are recorded within Patagonian Tertiary formations (Feruglio, 1949; Lesta 
et al., 1980; Zambrano and Urien, 1970).  
 
 
 
Figure 2.10: present tectonic setting of the study zone modified from Ramos (2005)  
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The oldest Patagonian Tertiary unit is the Salamanca Formation. It represents the first 
Tertiary marine transgression and consists of shale, sandstones and conglomerate. They 
were sedimented in a wide range of environments in accord with the shoreline position at 
the time of their deposition (Lesta et al., 1980). The abundant fossil material indicates ages 
from Maastrichtian to Paleogene (Lesta et al., 1980; Barcat et al., 1989). 
The Río Chico (upper Paleocene) and Sarmiento (Eocene-Oligocene) formations occur at 
the top of the Salamanca Formation (Lesta et al., 1980). They consist of well-stratified and 
multicoloured shales, fine tuffs, tufaceous sandstones and conglomerates generally 
deposited in continental-fluvial environments. 
Both these sedimentary units are overlain, in angular unconformity, by the Patagonian 
Formation (upper Oligocene-lower Miocene) (Zambrano and Urien, 1970). The presence, 
within this unit, of abundant rests of marine organisms and reworked-fossil layers testify for 
new marine Atlantic transgressions, while tuff layers and sandstones containing 
pyroclastic materials indicate the contemporary occurrence of volcanic episodes during the 
deposition of the unit. 
Quaternary sedimentary record is represented by both marine and continental deposits. 
Marine deposits generally croup out as marine terraces along the Golfo San Jorge 
coastline (Aguirre, 2003). The continental sediments occur in a wide area of the continent, 
recording the drastic climatic changes that produced glaciations during Quaternary Time.  
The study area is placed in the westernmost part of San Jorge Basin and can be futherly 
divided into two zones (fig. 2.9-2.10): the Sierra San Bernardo and the Río Genoa-
Senguerr Valley. 
The Sierra San Bernardo is a fold belt, occurring on the eastern part of this zone, with a 
general N-S orientation, a length of approximately of 600 km and a width of less than 100 
km. It is composed of continental sedimentary successions, representing the youngest part 
of the Chubut Group (Laguna Palacios Formation, Santonian-Maastrichtian) (Fitzgerald et 
al., 1990; Bridge et al., 2000; Genise et al., 2002).  
Its development is associated with the Cenozoic regional uplift of the Andean Cordillera to 
the west. The Andean uplift, in fact, generated a tectonic inversion that re-activated the 
previous extensional structures in a compressional regime (Homovc et al., 1995).  A series 
of mountains and valleys with a N-S orientation were generated and, in many cases, they 
correspond to anticlinal and synclinal structures, respectively.  
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The Río Genoa-Senguerr Valley is an elongated trough that separates the Andean 
Cordillera from Sierra San Bernardo and represents the northernmost part of the Río Mayo 
Rift Systems. 
Petroleum investigations, performed in Río Mayo Rift Systems, show complex Upper 
Jurassic to Cenozoic stratigraphic sequences (Barcat et al., 1989; Fitzgerald et al., 1990; 
Figari et al., 1999; Rodriguez and Littke, 2001) that are composed by clastic, 
volcanoclastic and volcanic rocks in a predominantly continental, lacustrine, fluvial or 
deltaic paleo-environments. 
In addition, the study area is characterized by numerous plateau lavas and spatter cones 
that testify to intense Cenozoic magmatic activity (Baker et al., 1981; Marshall et al., 1986; 
Linares and Gonzalez, 1990; D’Orazio et al., 2004; Kay et al., 2004). Scarce 
geochronological data seem to indicate three main magmatic activity phases (Baker et al., 
1981; Marshall et al., 1986a; Linares and Gonzalez, 1990): phase 1 has a Paleogene age; 
phase 2 is erupted from late Oligocene to early Miocene Time; phase 3 occurred in Plio-
Pleistocene Time. 
Phases (1) and (2) are widely exposed in SSB belt as tilted or gently folded plateau lavas, 
suggesting their involvement in the deformation phases occurred in this part of Andean 
foothills and generating the SSB fold belt.  
The Pliocene-Pleistocene magmatic products are found in both Sierra San Bernardo and 
Río Genoa-Senguerr Valley areas. In Sierra San Bernardo they form sub-horizontal 
plateau lavas, while, along Río Genoa-Senguerr Valley they occur as scoria cones 
associated with small lava flows. 
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CHAPTER 3 
 
RESULTS 1: Sierra San Bernardo and Río Genoa-Senguerr volcanic 
fields (BGS area) 
 
3.1 Geochronology  
Fourteen new K-Ar geochronological determinations, performed on whole rocks, and 
representing the main plateau lavas and spatter cones of the study area, are presented in 
table 3.1. The determined ages range from Late Eocene (Pa 425, 34.36± 1.11 Ma; 
Grandstein et al., 2004) to Pleistocene (Pa 421, Meseta el Pedrero, radiogenic Ar below 
detection limit). The new geochronological data, integrated with previously published ages 
of this zone (Baker et al., 1981; Marshall et al., 1986a), point out three main magmatic 
phases: phase 1, Late Eocene; phase 2, Early Miocene (22-18 Ma) and phase 3, Early 
Pliocene to Pleistocene (3.8-0 Ma) (fig 3.1; fig 3.2a; fig 3.2b; tab 3.1). 
 
 
 
Figure 3.1: new (black grey areas) and literature (white areas) isotopic ages of Cenozoic BGS 
mafic magmas.  
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Samples 
 
K % 
 
Location 
 
Ar  
(10-7ccSTP/g) 
Ar% 
 
Age 
(my) 
Error 
 
Pa 425 0.849 SSB 11.45 66.0 34.36 ± 0.11 
Pa 417 1.431 SSB 12.58 38.3 22.47 ± 0.94 
Pa 394 0.732 SSB 5.88 27.1 20.56 ± 1.11 
Pa 397 0.607 SSB 4.52 47.7 19.03 ± 0.70 
Pa 414 0.986 SSB 7.16 31.3 18.58 ± 0.89 
Pa 419 0.417 SSB 3.03 31.1 18.57 ± 0.89 
Pa 382 1.667 SSB 2.46 16.2 3.79 ± 0.32 
Pa 400 2.445 C. Grande 2.74 5.6 2.87 ± 0.68 
Pa 421 2.208 M. Pedrero 2.33 47.2 2.71 ± 0.10 
Pa 380 1.482 SSB 1.53 27.6 2.65 ± 0.14 
Pa 409 2.417 C. Chenques 2.35 19.4 2.49 ± 0.18 
Pa 406 2.248 C. Chenques 1.98 30.0 2.26 ± 0.11 
Pa 390 3.535 C. Ante 2.02 9.5 1.46 ± 0.20 
 
Table 3.1 All K-Ar analyses are performed by total fusion of bulk samples. Ages were calculated 
using the decay constants of Steiger and Jäger (1977).  
 
 
 
Figure 3.2a: Map showing the distribution of the BGS volcanic fields and the locations of dated 
samples. White grey fields identify magmatic phase (1) (Eocene age); medium grey identify 
magmatic phase (2) (late Oligocene-early Miocene); black grey identify magmatic phase (3) (Plio-
Pleistocene). Other symbols as in figure 2.9. 
 31 
 
 
Figure 3.2.b: Examples of Cenozoic Volcanic structures in the study area.  
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3.2 Classification 
In the TAS diagram (Le Bas et al., 1986)(fig. 3.3), BGS volcanic rocks plot in both alkaline 
and subalkaline zone, defined on the basis of Irvine and Baragar’s (1971) boundary line, 
and can be classified as basanite (10 samples), K-trachybasalt (9 samples), hawaiite (2 
samples), basalt (10 samples) and basaltic andesite (4 samples) (fig 3.3).  
 
 
Figure 3.3.  Total alkali vs silica diagram (Le Bas et al., 1986) for the studied rocks. The heavy line 
represents the boundary between alkaline and subalkaline areas (Irvine and Baragar, 1971) Insert 
shows K2O/Na2O vs K2O diagram, in which the series can be easy discriminated on the basis of 
their K2O/Na2O ratios. 
 
In addition, from Eocene to Pleistocene, there is a progressive variation in the composition 
of the erupted lavas, which allow us to identify three main groups: 
Group 1a: represented by lavas of both Eocene and Miocene. These lavas have an 
alkaline affinity and, in the TAS diagram, they plot in basalts and hawaiite fields. 
Group 1s: corresponding to the lavas of Miocene. They show subalkaline compositions 
and can be classified as tholeiitic basalts and basaltic andesites. 
Group 2: formed by the alkaline lavas of Plio-Pleistocene. They have quite a 
homogeneous SiO2 content (46.1-49.4 wt%) and a wide range in total alkali (4.9-7.5 wt%) 
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showing a rough negative correlation between silica and alkali. In the TAS diagram, they 
plot in basanite, trachybasalt, and alkali basalt fields. 
This last group, on the basis K2O contents and K2O/Na2O ratios, can be furtherly divided in 
three main sub-groups with different chemical affinities: Group 2Na (K2O<2.2%, 
K2O/Na2O<0.5), Group 2K (2%<K2O<3%, 0.6<K2O/Na2O<0.8) and the peculiar lavas of 
Cerro Ante (K2O>3%, 1<K2O/Na2O<2) (see insert in TAS diagram).  
 
3.3 Petrography 
41 volcanic and 5 plutonic samples of BGS were collected during the austral summer of 
2003. At the hand specimen, all volcanic rocks appear fairly uniform with phenocrysts of 
olivine in a grey-dark mass, while plutonic rocks show a coarse-grained texture with 
interlocking structures between mafic and felsic phases.  
Under the microscope, the plutonic rocks of BGS area show textures ranging from 
hypidiomorphic and inequigranular to sub-ophitic or ophitic and can be classified as 
gabbros. The main constituents are subhedral to euhedral plagioclase generally included 
in zoned and occasionally twinned clinopyroxene and fresh, subhedral and colourless 
olivines. The remaining minerals are represented by Cr-spinel, included in olivine, and Fe-
Ti oxides. 
Volcanic rocks are generally fresh and do not contain alteration materials, that seem to be 
exclusively represented by incipient iddingsitic alteration on rims/cracks of olivine 
phenocrysts.  
Some exceptions are represented by lava samples of the northern part of SSB. These 
occasionally are considerably more weathered showing high degrees of iddingsitic 
alterations on olivine and veins/vesicles filled by secondary materials (carbonates, 
zeolites). 
Petrographically, the studied lavas are invariably characterized by sub-aphyric to 
moderately porphyritic textures with small, sparsely distributed olivine phenocrysts and 
rare clinopyroxenes within a fine-grained to glassy matrix (P.I. 5-20 vol.%).  
The olivine phenocrysts have sizes ranging from 0.5-1 mm showing euhedral shapes with 
sharply defined crystal edges and, rarely, skeletal structures.  
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The rare phenocrysts of clinopyroxene (Cpx) generally occur in glomerophyric structures 
with euhedral shapes and larger sizes than olivine (1-2 mm). They show light-brown 
colours and no significant compositional zoning. 
The groundmasses vary from glassy to microcrystalline showing vitrophyric, intersertal and 
intergranular textures. Plagioclase laths ± granular pyroxenes ± glass ± Fe-Ti oxides 
represent the main constituents. 
Mantle xenoliths, up to decimeter-size, are found in high abundance within the lava flows 
and piroclastic deposits of Cerro de los Chenques spatter cone. The most dominant types 
are characterized by coarse-grained protogranular and/or tabular textures and variable 
compositions from dunites to spinel lherzolites and composite xenoliths as well (for more 
details see Rivalenti et al., 2004a; Bjerg et al., 2005) 
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3.4 Mineral chemistry 
Representative SEM-EDS analyses of olivine, clinopyroxene, plagioclase, spinel and Fe-Ti 
oxides are given in ‘appendix D’ and shown in fig. 3.4-3.8. 
Olivines show normal zoning with a significant compositional variability ranging from Fo30 
to Fo91 (Fo = 100Mg/(Mg + Fe2+)] (fig. 3.4). 
 
 
Figure 3.4: compositional variations of BGS olivine. 
 
Their CaO and MnO concentrations span between 0.31-0.96 and 0.53-1.29 wt%, 
respectively, and are typical of olivine crystallized by magmas rather than those derived 
from the disruption of mantle peridotites. Analyses of mantle olivines from Patagonian 
xenoliths, in fact, show CaO and MnO contents generally less than 0.15% and 0.18%, 
respectively (Gorring and Kay, 2000; Kilian and Stern, 2002; Rivalenti et al., 2004a, 2004b; 
Bjerg et al., 2005). 
Even if olivines are strongly zoned (Fo91-31 ; fig. 3.4), every sample, with the exception of Pa 
393 (Group 1s), has olivine core compositions compatible with liquidus or near liquidus 
nucleation, followed by progressive growth of new crystals with the evolution of the melt 
(fig. 3.5). 
Therefore, I used for geothermometric estimates (Leeman and Scheidegger, 1977; Beattie, 
1993; Ford et al., 1983) only olivines with compositions close to the equilibrium with whole 
rocks. The resulting temperatures are shown in tab. 3.2 and range between 1180° to 
1300°C. 
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Figure 3.5: Fo content of olivine vs whole rock Mg#. Mg# calculated assuming Fe2O3/FeO wt.% 
ratios in the liquid = 0.15. The grey band shows the range of olivine-liquid equilibrium assuming the 
Fe–Mg exchange coefficient (Kd) is 0.3 ± 0.03 (Roeder and Emslie, 1970). 
 
The BGS olivine compositions suggest that: (i) olivine cumulus are not present in the 
studied lavas; (ii) mantle olivines occur only in sample Pa 409 (Co. Chenques); (iii) the 
studied lavas of every chemical group seems to essentially evolve due to olivine fractional 
crystallization processes. 
In alkaline lavas (Groups 1a, 2Na, 2K and Co. Ante lavas), clinopyroxene represents the 
main constituent of the groundmass and only occasionally occurs as phenocrysts. It shows 
light-brown colours and can be classified (Morimoto et al., 1988) as diopside (rarely augite) 
in the En–Wo–Fs classification diagram (fig. 3.6A). Compositionally it is normally zoned, 
with decreasing of CaO and MgO and increasing of FeO and TiO from core to rim.  
On the other hand, in subalkaline lavas (Group 1s), pyroxenes occur exclusively in the 
groundmass showing complex and contrasting compositional zonings with an abrupt 
change from pigeonite to augite or from augite to pigeonite compositions (fig. 3.6B). 
The first case, in which the px compositions vary from pigeonite (Wo8-7En70-66Fs25-21) at the 
core to augite (Wo25-24En38-19Fs45-26) at the rim, is consistent with the evolution of the liquid 
associated with slow falling temperatures (fig 3.4.4). 
In fact, as shown in the phase diagrams of Muir (1954) (fig. 3.7), if there is a gradual 
decrease of the temperature, the liquidus minimum (E) of the cotectic pair, ferroaugite-
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pigeonite, moves towards the calcium-rich side and when it passes beyond the 
intersection with the solvus, the Ca-poor phase ceases to crystallize and only Ca-rich px 
become stable.  
 
 
Figure 3.6: Quadrilateral components of pyroxenes. All analyzed pyroxenes are shown. In figure 
3.6A and 3.6B are reported the cpx compositions of alkaline and subalkaline lavas respectively  
(Group 1a= white triangles; 2Na-2K groups and Co.Ante lavas= black-grey squares). In figure 3.6B 
are also drawn: the tie-lines showing pyroxene zoning (black triangles= core; black diamonds= 
rims), the experimental dashed-lines between coexisting pyroxenes contoured at 100°C intervals 
between 1200° and 1000°C (after Lindsley, 1983).  
 
 
 
Figure 3.7: Muir’s cpx state diagrams.  
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The second case, in which the augites (Wo37-35En55-46Fs16-8) have an outer zone of pigeonite 
(Wo20-10En63-56Fs45-26) with a well defined miscibility gap between Ca-rich and Ca-poor 
pyroxenes, is described by numerous authors in sub alkaline series of Izu-Hakone 
Province (Japan) (Kuno, 1955; Nakamura and Kushiro, 1970), Thingmuli volcano (Iceland) 
(Carmichael, 1967), West Maui volcanoes (Hawaii) (Fodor et al., 1975), Tongan andesite 
and dacite (Edwart, 1976) and can be related to two main aspects: (i) the high rate of 
cooling and (ii) to co-precipitation of plagioclase crysts. 
The combination of these two factors, if associated to slow diffusion of Ca-element in the 
liquid relative to the pyroxenes growth rate, can lead to the generation of irregular 
gradients of Ca-concentrations in the liquids and to the stabilization of subcalcic 
pyroxenes.  
 
 
Figure 3.8. Plagioclase compositions of BGS lavas groundmasses, projected into the ternary 
Anorthite-Albite-Orthoclase (mol%) diagram. 
 
Alkaline and subalkaline lavas both contain plagioclase exclusively in the groundmass. It is 
normally zoned from labradorite to andesine. In fact, plagioclase of alkaline lavas (Groups 
1a, 2Na, 2K and Co. Ante lavas), shows a large variability from An70Ab30 to An30Ab69 
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concurrently with a systematic increase in potassium from Or0  to Or11.0. In contrast, the 
plagioclase of Group 1s has the lowest K2O contents, with respect to the other plagioclase 
of alkaline groups, at comparable Ab contents.Chromite (chr), Ti-magnetite (mag) and 
ilmenite (ilm), are present as opaque inclusions in olivine and pyroxene or as small euedral 
crystals in the groundmass and can be used to estimate the temperatures (Sack and 
Ghiorso, 1991; Andersen and Lindsley, 1985) and oxygen fugacities (Andersen and 
Lindsley, 1985) of equilibration.  
 
   ol-liq.(1) ol-liq.(2) ol-liq.(3) ol-chr ilm-mag  
Groups Samples  T° C T° C T° C T° C T° C Log10(fO2) 
1a Pa 426 ol1-liq 1249 1305 1212       
   ol6-liq 1249 1301 1223     
   ol5-crm2    994    
  Pa 414 ol1-liq 1252 1276 1254       
1s Pa 393 ol2-liq 1205 1185 1251       
   ol3-liq 1205 1185 1261     
   ilm1-mt1     710 -18.52 
  Pa 419 ol1-liq 1191 1196 1129     
   ol2-liq 1191 1194 1127     
   ol3-liq 1191 1194 1127     
   ilm1-mt1     750 -16.45 
   ilm2-mt2     785 -16.20 
2Na Pa 382 ol1-liq 1218 1226 1187       
   ol2-liq 1218 1228 1186     
   ol4-crm1    1093    
   ilm1-mt1     1097 -10.24 
   ilm2-mt2     1003 -11.94 
   ilm3-mt3     900 -14.01 
   ilm4-mt4     1019 -11.67 
2K Pa 402 ol1-liq 1239 1248 1228       
   ol2-liq 1239 1248 1231     
   ol4-liq 1239 1256 1220     
   ol5-liq 1239 1238 1243     
   ol4-crm3    1093    
  Pa 409 ol2-liq 1296 1281 1266     
Co.Ante Pa 388 ol1-liq 1279 1302 1310       
   ol5-liq 1279 1288 1321     
   ol6-liq 1279 1287 1322     
    ol2-crm2       1046     
 
Table 3.2: Equilibrium temperature and oxygen fugacity estimates for BGS lavas. The 
temperatures and the oxygen fugacities of equilibration are estimated using Olivine-Liquid, Olivine-
Chromites and Ilmenite-Magnetite equilibria. The temperatures are obtained making use of Beattie, 
(1993) [ol-liq. (1)], Leeman and Scheidegger (1977) [ol-liq. (2)], Ford et al. (1983) [ol-liq. (3)], Sack 
and Ghiorso (1991) [ol-chr] and Andersen and Lindsley (1985) [ilm-mag] geothermometers. The 
oxygen fugacity is calculated using the equations of Andersen and Lindsley (1985). 
 
 
 40 
The calculations of individual samples are shown in tab. 3.4.5.  
The equilibration temperatures of ilm-mag and chr-ol pairs range from 710° to 1100° C, 
and they are generally 200-250° C below the equilibrium temperatures determined with 
olivine-liquid geothermometers (Leeman and Scheidegger, 1977; Beattie, 1993; Ford et 
al., 1983). These lower calculated temperatures can probably be linked to re-equilibriation 
processes that occurred in sub-solidus conditions.  
The calculated oxygen fugacities vary between -18.5 and -11.9 [Log(fO2)] falling on the 
fayalite-magnetite-quartz -1 (FMQ-1) oxygen b 
 
3.5 Major and Trace Elements of BGS  
3.5.1 Groups 1a, 1s, 2Na and 2K 
Major and trace element analyses of volcanic rocks from BGS area are presented in 
‘appendix H’ and in figure 3.9-3.11.  
Although the lavas of the study area span a similar range of Mg# 55-72 (Mg#= 
Mg/(Mg2++Fe2+); assuming Fe2O3/FeO=0.15), the variation diagrams illustrate that some 
elements show large differences in abundance at a given level of MgO (fig. 3.9).  
In the diagrams of fig. 3.9, TiO2 and P2O5 contents span in a wide range of values without 
showing any systematic differentiation trends. 
Their abundances, in fact, are positively correlated with the alkalinity of the erupted lavas 
varying from the lowest values of sub alkaline lavas (Group 1s) to the highest of Plio-
Pleistocene lavas (Group 2K) (fig. 3.9) 
On the other hand, Na2O, K2O, CaO and Al2O3 oxides contents display for both subalkaline 
and alkaline lavas broad negative correlations that are consistent with crystal fractionation 
processes dominated by the removal of mafic phases. 
The primitive compositions of BGS lavas are reflected in their high concentration of 
compatible trace elements like Ni, Cr, Co, V and Sc.  
Ni and Cr amounts span between 110-375 and 90-480 ppm, respectively, and exhibit in 
alkaline lavas a strong positive correlation with MgO. In contrast, Group 1s show 
anomalously high Cr contents for their basaltic/andesite basaltic compositions (Fig. 3.10).  
Co (36-45 ppm), Sc (15-25 ppm) and V (149-250 ppm) contents, for all groups, generally 
overlap and are poorly correlated with MgO.   
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Figure 3.9. Major oxides variations in BGS volcanic lavas. The symbols are the same as in figure 
3.3.  
 
All chondrite normalized REE patterns of alkaline lavas (Groups 1a, 2Na, 2K) are light 
REE enriched, rectilinear and roughly sub-parallel to each other. However, Group 2K tends 
to have higher LREE ([La]N =276-170), lower HREE ([Yb]N =10.7-7.0) than groups 2Na and 
1a.  
Group 1s, on the contrary, is characterized by less enriched LREE contents ([La]N= 29.7-
50) and by ‘kinked’ chondrite-normalized REE patterns with La-Eu and Gd-Lu segments 
exhibiting different slope. Specifically, it shows lower fractionations between LREE and 
MREE ([La]N /[Sm]N=1.2-1.9) than between MREE and HREE ([Sm]N /[Yb]N = 2.5-3.2). 
Additionally, if, as a first approximation, LREE/HREE ratios can be considered as 
indicative of the degree of melting, the positive correlations between [La]N /[Yb]N and highly 
incompatible elements (Cs-Rb-Sr-Th-U-Nb-LREE) suggests that the melting more that 
fractional cystallization was the main control on the incompatible trace element distribution.  
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Primordial mantle (McDonough and Sun, 1995) normalized multi-element diagrams for 
BGS volcanic rocks are reported in fig. 3.11 and show chemical variations that only in part 
can be accounted for by differences in the degree of melting.  
 
 
 
Figure 3.10. Cr vs Mg diagram. The symbols are the same as in figure 3.2.1 
 
In fact, although the normalized multi-element diagrams of BGS volcanics generally show 
comparable patterns, it is possible to recognize some peculiar chemical features for every 
group.  
Group1a shows the typical humped distribution peaking at Nb-Ta and characterizing within 
plate basalt of continental and oceanic setting (Sun and McDonough, 1989), with respect 
of the classic OIB pattern, these lavas display quite relative negative anomalies of K and a 
higher fractionation between LREE and HREE.  
Group 1s has the lowest abundances of incompatible trace elements. Normalized multi-
element diagrams peaks in Nb-Ta and shows positive relative anomalies of Ba and Sr. It is 
interesting to underline the increase of these anomalies with the decrease of LREE 
contents. 
Both Groups 2Na and 2K show progressive chemical variations with their peculiar 
geographic/geodynamic positions. In fact, moving westwards (towards Andean belt), 
Groups 2Na and 2K are characterized by a progressive LILE enrichment (Ba/Nb=7.7-11.9; 
La/Nb=0.82-1.04; Th/Ta=1.36-2.35) modifying multi-element diagrams from OIB-like 
humped distributions to ‘flat’ patterns between Rb and La.  
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3.5.2 Cerro Ante lava Compositions 
The Cerro Ante is the westernmost Pleistocene (1.46±0.2 Ma) spatter cone and it is 
located in close proximity to the Andean Cordillera (44°42’ S; 70°46’ W). The presence of 
only three collected samples does not allow us to describe the variations of major 
elements but we can underline their main chemical features. 
These rocks have basanitic compositions with primitive signatures (SiO2≈46-47% total 
alkali 6-7%; MgO wt%>9, Mg#=71-72; Ni=174-221 ppm, Cr=476-507 ppm) and are 
characterized by the highest K2O (>3%), P2O5 (>1%), CaO (9-10%), K2O/Na2O (1.2-1.9) 
and the lowest Fe2O3Tot and TiO2 oxide abundances with respect to the other lavas.  
REE patterns have sigmoidal shapes with low fractionations between [La]N-[Nd]N (1.21-
1.54) and [Dy]N/[Yb]N (1.42-1.54) pairs but high ratios of [Nd]N-[Dy]N . 
Multi-element patterns exhibit significant enrichments in LILE (Cs, Rb, Th, U) and LREE 
with remarkable Nb-Ta troughs and Ba and Ti negative relative anomalies (Ba*=0.31-0.37; 
La/Nb=2.62-3.19; Th/Ta=13.16-14.37) (Ba*= [Ba]N/([Rb]N*[Th]N)0.5).  
Comparison between these kinds of magmas and previously published data of Cenozoic 
Patagonian Volcanism (CPV) (Stern et al., 1990; Ramos and Kay, 1992; Gorring et al., 
1997, 2003; D’Orazio et al., 2000, 2001, 2005; Espinoza et al., 2005; Guivel et al., 2006) 
underline their unusual chemistry in terms of major and trace elements.  
In fact, Patagonian basalts, in agreement with Gorring and Kay (2001), show consistent 
differences in alkalinity but always with Na-affinity and contents/ratios of trace elements 
highlighting OIB-like signatures with minor influence of subduction-related or continental 
crustal components. In contrast, the lavas of Cerro Ante have K-alkaline compositions with 
a strong orogenic affinity. 
The occurrence of these kinds of magmas in this zone is supported by one previously 
published but not discussed chemical analysis (sample P-126 2km east of Estancia Arroyo 
Gato near Lago Fontana; Baker et al., 1981). 
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Figure 3.11. Primitive mantle-normalized trace element diagrams and chondrite-normalized REE 
patterns for BGS lavas. Normalized values from McDonough and Sun (1995). The continuous line 
represents the OIB composition of Sun and McDonough (1989).  
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3.6 Sr-Nd-Pb Isotopic Compositions of BGS lavas. 
Sr-Nd-Pb age corrected isotopic values of representative BGS volcanic fields are given in 
tab. 3.3.  
In the 143Nd/144Nd vs 87Sr/86Sr diagram, the BGS lavas fall within the mantle array and form 
an elongated field that completely covers the isotopic variation of the Cenozoic Patagonian 
Volcanism (CPV) (fig. 3.12).  
Group 1a has the highest 143Nd/144Nd and the lowest 87Sr/86Sr values with the most 
depleted compositions belonging to Eocene lavas (0.512844-0.512867, 0.703279-
0.703498 for Nd, Sr respectively). In the Sr-Nd isotope system, Group 1a falls in close 
proximity to the isotopic composition of the Pali Aike volcanic field that is characterized by 
the most depleted values of the whole CPV (Stern et al., 1990; D’Orazio et al., 2000).    
 
 
 
Figure 3.12. Nd-Sr isotopic compositions of BGS samples. Plotted for comparison are the 
compositions of: Chile Ridge (Klein and Karsten, 1995; Sturm et al., 1999), Austral Volcanic Zone  
(AVZ; Stern and Kiliam, 1996), Southern South Volcanic Zone (SSVZ; Hickey-Vargas et al., 1986, 
1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 1995b; D’Orazio et al., 2003), 
Antarctic Peninsula (Hole et al., 1995; D’Orazio et al., 1999) and Cenozoic Patagonian Volcanism 
(Stern et al., 1990; Gorring et al., 1997, 2003; Gorring and Kay, 2001; D’Orazio et al., 2000, 2001, 
2005; Kay et al., 2004; Espinoza et al., 2005; Guivel et al., 2006). B.E. represents: Sr and Nd 
isotopic composition of Bulk Earth. The symbols are the same as in figure 3.3. 
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On the other hand, the Groups 2Na and 2K are characterized by the most enriched Sr and 
Nd isotopic values (0.704538-0.705788, 0.512539-0.512686 for 87Sr/86Sr  and 143Nd/144Nd, 
respectively). In the 143Nd/144Nd vs 87Sr/86Sr diagram, they essentially plot in the enriched 
part of this isotopic system (B.S.E. 0.51263, 0.70500 for 143Nd/144Nd and 87Sr/86Sr, 
respectively) and represent the most enriched terms of all CPV.   
The lavas belonging to Group 1s have intermediate isotopic compositions. In both isotopic 
systems (Sr and Nd), in fact, their compositions fill the gap between Group 1a and Groups 
2Na and 2K.  
 
 
 
Figure 3.13. Lead isotopic compositions of BGS lavas Plotted for comparison are the compositions 
of: Pali Aike (Stern et al., 1990), Antarctic Peninsula (Hole et al., 1995; D’Orazio et al., 1999), 
Austral Volcanic Zone (AVZ; Stern and Kilian, 1996), Cenozoic Patagonian Volcanism (CPV; Stern 
et al., 1990; Gorring and Kay, 2001; Gorring et al., 2003), Southern South Volcanic Zone  (SSVZ; 
Hickey-Vargas et al., 1986, 1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 
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1995b), Chile Ridge (Klein and Karsen, 1995; Sturm et al., 1999). The symbols are the same of 
figure 3.3. 
 
Cerro Ante lavas have the most depleted isotopic composition of Plio-Pleistocene BGS 
lavas (0.70488 and 0.51275, 87Sr/86Sr and 143Nd/144Nd ratios respectively). Sr isotope 
datum is consistent with the published value of Baker et al. (1981) for Lago Fontana 
magmas.  
The Pb isotopic compositions of BGS lavas span between 18.171-18.897, 15.570-15.614 
and 38.397-38.650 for 206Pb/204Pb , 207Pb/204Pb and 208Pb/204Pb ratios, respectively, showing 
a wider variation in 206Pb/204Pb than the other two ratios.  
207Pb and 208Pb data result more radiogenic than 206Pb; thus, BGS lavas, as the other lavas 
of CPV (Stern et al., 1990; Gorring and Kay 2001; Gorring et al., 2003)(Fig. 3.13) plot to 
the left of the northern hemisphere reference line (NHRL, Hart, 1984).  
In Pb isotope space, CPV form a discrete array that progressively strays from NHRL with 
the decrease of 206Pb/204Pb ratio.  
 
Sample Age (Ma) [87Sr/86Sr]o [143Nd/144Nd]o [206Pb/204Pb]0 [207Pb/204Pb]0 [208Pb/204Pb]0 
Pa 425 34.36 0.703489 0.512844 18.846 15.613 38.628 
Pa 426 34.00 0.703279 0.512867 18.867 15.608 38.601 
Pa 424  34.00 0.703330 0.512836    
Pa 417 22.47 0.703657 0.512763 18.897 15.592 38.647 
Pa 393 20.56 0.704088 0.512753 18.500 15.604 38.746 
Pa 394 20.00 0.704237 0.512748 18.638 15.617 38.445 
Pa 397 19.03 0.704118 0.512755 18.619 15.593 38.394 
Pa 414 18.58 0.703625 0.512808    
Pa 419  18.57 0.704546 0.512685 18.629 15.614 38.491 
Pa 400 2.87 0.705788 0.512539 18.171 15.565 38.427 
Pa 421 2.71 0.704941 0.512665 18.425 15.576 38.462 
Pa 380 2.65 0.704938 0.512623 18.313 15.569 38.408 
PaT 71 2.50 0.704538 0.512686 18.477 15.588 38.492 
Pa 405 2.50 0.705014 0.512591 18.318 15.562 38.421 
Pa 409 2.49 0.704872 0.512666 18.255 15.548 38.366 
Pa 390 1.46 0.704876 0.512747 18.569 15.599 38.491 
Pa 403  0.705217 0.512578 18.381 15.569 38.456 
 
 
Table 3.3. Sr, Nd, Pb isotopes of BGS zone. Age corrected isotopic compositions using λRb = 
1.42x10-11/year (Steiger and Jäger, 1977), λSm = 6.54x10-12/year (Lugmair and Marti, 1978), λ238U = 
1.55125x10-10/year, λ235U = 9.8485x10-10/year, λ232Th = 4.9475x10-11/year (Steiger and Jäger, 1977). 
Initial Sr-Nd-Pb isotope ratios were obtained by correction for determined age. Ages in italics are 
supposed.  
 
 48 
In the Nd-Pb and Sr-Pb isotopic systems, BGS lavas show coherent trends with the most 
depleted (Group1a) and enriched (Groups 2Na and 2K) compositions associated to the 
highest and lowest 206Pb/204Pb isotope values, respectively.  
In addition, there is a ‘time-controlled’ isotope variation that generates, from Eocene to 
Pleistocene, a progressive shift in the isotopic compositions of the erupted lavas from the 
most depleted to the most enriched terms of all CPV. 
In conclusion, Sr-Nd-Pb isotopic compositions display a wide range of variations indicating 
the involvements of different sources during magma generation in the mantle and/or during 
magma uprise through the mantle and the crust.  
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RESULTS 2: The Cenozoic Patagonian Volcanism (CPV) 
In this section, we report the chemical (major and trace elements) and isotopic (Sr-Nd-Pb-
He) compositions of selected samples representing some of the main mesetas and 
volcanic fields formed in the last 15 Ma and located south of 45° S (Pali Aike, Estancia 
Glencross Area, Meseta de las Vizcachas, Meseta between Chalía and Santa Cruz rivers, 
Meseta de la Muerte, BGS volcanic fields).  
 
3.7 Selected samples (p. 127 and figure 3.14) 
3.7.1 Pali Aike 
Pali Aike is a 4500 km2 wide volcanic area located in the back-arc setting of the Andean 
belt and represents the southernmost volcanic field of South America (lat 52°00’ S; log 
69°45’ W). K-Ar and 40Ar-39Ar dating span in a wide range of time (from 9.15 to 0.165 Ma) 
(Mercer, 1976; Linares and Gonzalez 1987; Meglioli, 1992; Mejia et al., 2004) with the 
oldest rocks outcropping in the western (Meglioli 1992) and northern (Mejia et al., 2004) 
sector of the volcanic field.  
Due to the wide range of time in which the volcanic activity occurred, D’Orazio et al., 
(2000) divided these lavas into three main volcanic units: (U1) the plateau-like lava flows 
(the oldest); (U2) the old cones, tuff rings and maars; (U3) the well preserved scoria cones 
and lava flows (the youngest). 
Though these lavas were erupted during a long period of volcanic activity, their chemical 
and isotopic compositions remain fairly constant (Stern et al., 1900; D’Orazio et al., 2000). 
These lavas usually show basanitic-basaltic compositions with quite primitive signatures 
(MgO > 6 wt%; Ni>100 ppm; Cr> 200 ppm). Trace element patterns show the typical 
‘humped distribution’ peaking on Ta-Nb and characterizing magmas with within-plate 
geochemical signatures.  
Concerning the isotopic compositions of the lavas, Pali Aike is characterized by the 
highest Pb-Nd and the lowest Sr isotopic compositions of the whole Cenozoic Patagonian 
Volcanism (Stern et al., 1990; D’Orazio et al., 2000) (87Sr/86Sr= 0.7032-0.7034; 
143Nd/144Nd=  0.51289-0.51292; 206Pb/204Pb=18.9-19.1). 
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Figure 3.14: Schematic geodynamic setting of southern South America and adjacent oceanic 
plates (Nazca Plate, Antarctic Plate, Scotia Plate). In the sketch are also reported the oceanic 
fracture zones (thin continuous lines), the Chile Ridge (grey strips), the supposed ridge trench 
collision ages (after Gorring et al., 1997), the Chile Trench, the transcurrent margin between Scotia 
and South America Plate, the Chile Triple Junction (CTJ) (grey star), the main arc volcanoes of 
Southern Volcanic Zone and Austral Volcanic Zone (smoking triangles), the main plateau lavas of 
Cenozoic Patagonian Volcanism (grey sketch), the geographic position of the selected samples for 
He isotope analyses and the convergence vectors of Nazca and Antarctic Plates with respect to 
the South America fixed position (DeMets et al., 1994). EGA= Estancia Glencross Area, MCSC= 
Meseta between Chalía and Santa Cruz rivers, BGS Bernardo-Genoa-Senguerr area.  
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3.7.2 Estancia Glencross Area (EGA) 
The Estancia Glencross Area volcanic products consist of isolated buttes erupted about 
8.5-8 Ma (D’Orazio et al., 2001) in the extra Andean Patagonia at same latitude but west 
of the Pali Aike volcanic field (lat 52°00’ S; log 70°30’ W).  
The chemical (major and trace element) and isotopic (Sr-Nd) compositions of these 
products underline their subalkaline affinity with within-plate geochemical signatures and 
suggest the involvement of a depleted OIB-like mantle not modified by subduction related 
components. D’Orazio et al. (2001) explained the subalcaline composition of these lavas 
supposing two magmatic stages: (1) alkaline melts were generated in garnet stability and 
successively (2) they acquired the subalkaline nature due to melts-harzburgite reaction 
processes occurred during their ascent through mantle lithosphere.  
 
3.7.3. Meseta de las Vizcachas 
The Meseta de las Vizcachas is located at around 50°15’-30’ S in close proximity to the 
Andean belt. It covers a total surface of about 1400 km2 and has a maximum thickness of 
about 130 m. Geochronological data suggest a wide period of magmatic activity from 
medium-late Miocene (approx. 15 Ma) to Pliocene (2 Ma) (Kilian et al., 1997; Haller et al., 
2002; Mejia et al., 2004; Di Vincenzo and Laurenzi, personal communication). 
Compositionally, these lavas show a transition from OIB-like to orogenic affinity (Kilian et 
al., 1997) with time. The oldest lavas, indeed are characterized by relatively high Nb/U and 
Ce/Pb, and low K/Nb or K/Ta, and are interpreted supposing the activation, during melt 
generation processes, of mantle source not significantly modified by subduction related 
components (Kilan et al., 1997). In contrast, the youngest show spider diagrams 
characterized by high LILE and LREE with respect to the Ta and Nb. These lavas are 
interpreted with the activation of mantle sources modified by subduction-related 
fluids/melts (Kilan et al. 1997; Haller et al., 2002).  
Even if a limited number of isotopic analyses (Sr-Nd-Pb) are presented in literature (Stern 
et al., 1990; Kay et al., 2004) they show comparable values and suggest the involvement 
of depleted mantle sources (87Sr/86Sr= 0.7035-0.7038; 143Nd/144Nd= 0.51285-0.51290; 
206Pb/204Pb= 18.6-18.7).  
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3.7.4 Meseta between Chalía and Santa Cruz rivers (MCSC) 
The MCSC area is located about 50° S and develops from the eastern margin of the 
Andean Foothill between 72° and 70° of longitude west. Scarce geochronological data 
seem exclusively to indicate a Pliocene magmatic activity (2.66-3.54 Ma) (Marshall et al., 
1986b; Gorrring et al., 1997; Meja et al., 2004; Di Vincenzo and Laurenzi, personal 
communication). 
Haller et al. (2002), on the basis of geological and geochemical evidence, suggested the 
presence of two main magmatic sequences: (1) Plateau Unit and (2) the Post Plateau Unit.  
The Plateau Unit is represented by large and tabular lava flows with subalkaline affinity 
and primitive compositions (high Mg# and high Cr-Ni contents). Trace-element distribution 
reveals clear Ta and Nb negative anomalies suggesting an important role of mantle source 
modified by subduction related components. 
On the other hand, the Post Plateau consists of spatter cones and little volcanic fields 
showing a clear alkaline affinity with within-plate geochemical signatures.  
These lavas have incompatible trace element distributions peaking in Ta and Nb and 
values of selected element ratios (Ba/Nb, La/Nb, Ce/Pb, Th/Ta) typical of intraplate 
magmas.    
 
3.7.5 Meseta de la Muerte 
Meseta de la Muerte is located at about 49° S in close proximity of Andean belt between 
71-72° W of longitude. K-Ar and 39Ar-40Ar dating (Ramos, 1982; Gorring et al., 1997) give 
evidence that this meseta was erupted during two main magmatic phases generating the 
Main Plateau (13.9-11.1 Ma) and the Post Plateau (8-4 Ma) lavas sequences.  
The Main Plateau consists of large volumes of tholeiitic basalts and basaltic andesite 
characterized by trace element patterns, showing small negative Ta-Nb anomalies and 
positive Pb-Sr anomalies and suggesting high melting degrees of mantle sources partially 
modified by subduction related components.  
In contrast, the Post Plateau sequence is represented by spatter/scoria cones or little lava 
flows with alkaline affinity and strong OIB-like signatures (Gorring and Kay, 2001). 
Even if Sr-Nd isotope values of both magmatic events essentially span in the same range 
of values, the Main Plateau sequence (87Sr/86Sr = 0.7036-0.7041; 143Nd/144Nd = 0.5127-
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0.5129) seems to have a slightly more depleted composition than the Post Plateau 
sequence (87Sr/86Sr = 0.7038-0.7044; 143Nd/144Nd = 0.5126-0.5128).  
Concerning lead isotopic compositions, both Main and Post Plateau sequences do not 
show significant differences (206Pb/204Pb= 18.4-18.7) (Gorring and Kay, 2001).  
 
3.8 Major, trace elements and isotopic compositions of selected 
samples 
The selected samples represent both alkaline and sub alkaline series and are 
characterized by quite primitive compositions. Mg-numbers [Mg#=100Mg/(Mg+Fe2+)], for 
selected samples, fall between 59 and 72 and are positively correlated with Ni (166-355 
ppm), Cr (233-507 ppm) and V (148-244 ppm) contents.  
 
 
 
Figure 3.15: Normalized trace element diagrams for selected samples. Normalized values from 
McDonough and Sun, 1995.  The samples are grouped on the basis of their chemical affinity. 
Ba/Nb vs Th/Ta diagram for selected samples. Plotted for comparison with: Cenozoic Patagonian 
Volcanism (CPV; Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001, 2005; 
Gorring and Kay, 2001; Kay et al., 2004; Espinoza et al., 2005; Guivel et al., 2006; author BGS 
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unpublished data), Austral Volcanic Zone (AVZ; Stern and Kilian, 1996) and mafic Southern South 
Volcanic Zone (SSVZ; MgO> 4%; Hickey-Vargas et al., 1986, 1989; Futa and Stern 1988; Lopez-
Escobar et al., 1993, 1995a, 1995b; D’Orazio et al., 2003). In the following diagrams the symbols 
and colours are maintained. 
 
Aside from the alkaline or subalkaline compositions, these lavas have normalized spider 
diagrams (Fig 3.15) exhibiting a wide typology of patterns and suggesting within-plate to 
orogenic chemical affinity.  
The lavas of Pali Aike and some of EGA and BGS, indeed, show the typical humped 
distribution, peaking in Ta-Nb and characterizing magmas with within-plate geochemical 
affinity in both oceanic and continental setting (Sun and McDonough, 1989).  
In contrast, Vizcachas and Co Ante (Bernardo-Genoa-Senguerr area) lavas have multi-
element patterns characterized by high LILE content and remarkable relative negative 
anomalies of HFSE (Nb-Ta-Ti). These kinds of signatures usually typify the magmas 
generated along the active subduction zone. 
The other selected lavas have intermediate element distributions with fairly flat patterns 
between Rb and Ta. 
In conclusion, making use of trace elements three main groups can be discriminated: (1) 
the within-plate lavas (WP) ((Ba/Nb<8.9; La/Nb<0.86; Th/Ta< 1.80; Nb/U> 32.6), (2) the 
transitional lavas (T) (Ba/Nb= 8.6-15.4; La/Nb= 0.80-1.05; Th/Ta= 1.92-2.36; Nb/U= 22.8-
36.9) and (3) the orogenic lavas (O) (Ba/Nb> 17.0; La/Nb> 1.32; Th/Ta> 4.32; Nb/U< 19.6) 
(fig. 3.15). 
The Sr and Nd isotopic compositions of the selected samples range from 0.7032-0.7049 
and from 0.5129-0.5126 respectively (tab 3.4). They fall within the ‘depleted quadrant’ 
relative to Bulk Earth in the Sr and Nd isotopic diagram and form an elongated field that 
completely overlaps the isotopic compositions of CPV (Stern et al., 1990; Gorring et al., 
1997, 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 2001; Kay et al., 2004; 
Espinoza et al., 2005; Guivel et al., 2006; author BGS unpublished data) (fig. 3.16).  
This trend develops from the most isotopically ‘depleted’ compositions of the lavas of this 
zone (Antarctic Peninsula, Chile Ridge) to the Bulk Earth compositions. 
Pb isotopic compositions of the selected lavas span between 18.25-19.02, 15.54-15.64 
and 38.34-38.84 for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios, respectively, showing a 
wider range of variation in 206Pb/204Pb than the other two isotope ratios (tab 3.5). 
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Figure 3.16. Sr and Nd isotopic compositions of selected samples. Plotted for comparison are the 
compositions of: Chile Ridge (Klein and Karsten, 1995; Sturm et al., 1999), Austral Volcanic Zone 
(AVZ; Stern and Kiliam, 1996), Southern South Volcanic Zone (SSVZ; Hickey-Vargas et al., 1986, 
1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 1995b; D’Orazio et al., 2003), 
Antarctic Peninsula (Hole et al., 1995; D’Orazio et al., 1999) and Cenozoic Patagonian Volcanism 
(Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 
2001; Kay et al., 2004; Espinoza et al., 2005; Guivel et al., 2006; author BGS unpublished data). Sr 
and Nd isotopic composition of Bulk Earth (B.E.) 
 
In the lead isotopic systems (fig. 3.17) these lavas plot above the Northern Hemisphere 
Reference Line (NHRL, Hart, 1984) and form an almost horizontal linear trend suggesting 
the involvement of a source with high U/Pb and Th/U time-integrated ratios. 
In contrast with the Sr-Nd isotopic diagram, in lead isotope spaces, CPV is sandwiched 
between Antarctic Peninsula and Chile Ridge compositions. 
Indeed, Pali Aike and EGA lavas, which have the most isotopically depleted Sr and Nd 
compositions, show the highest Pb isotope ratios that lie close to the NHRL and Antarctic 
Peninsula magmatism.  On the other hand, the most ‘enriched’ samples (BGS lavas) have 
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to the lowest Pb isotope ratios, which are slightly higher than the Pb isotope values of the 
Chile Ridge.  
The other selected samples fall between these two isotopical end-members showing a 
progressive decrease of Pb isotope ratios with the increase of the 87Sr/86Sr ratios (fig.3.18). 
In conclusion, the most isotopically ‘depleted’ Patagonian lavas have Sr-Nd isotope values 
similar to both those of the Chile Ridge and Antarctic Peninsula magmatism. On the other 
hand, they show the Pb isotope ratios higher that those of Chile Ridge basalts and similar 
to those of the Antarctic Peninsula (fig 3.18)  
 
 
 
Figure 3.17. Lead isotopic compositions of selected lavas. Plotted for comparison are the 
compositions of: Antarctic Peninsula (Hole et al., 1995; D’Orazio et al., 1999), Austral Volcanic 
Zone (AVZ; Stern and Kilian, 1996), Cenozoic Patagonian Volcanism (Stern et al., 1990; Gorring 
and Kay, 2001; Gorring et al., 2003), South Volcanic Zone (SVZ; Hickey-Vargas et al., 1986, 1989; 
Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 1995b), Chile Ridge (Klein and Karsen, 
1995; Sturm et al., 1999) 
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Figure 3.18: Sr-Pb isotopic compositions of selected samples. Plotted for comparison are the 
compositions of Antarctic Peninsula (Hole et al., 1995), Austral Volcanic Zone (AVZ; Stern and 
Kilian, 1996), Cenozoic Patagonian Volcanism (Stern et al., 1990; Gorring and Kay, 2001; Gorring 
et al., 2003), Mafic Southern South Volcanic Zone (SSVZ; MgO>4; Hickey-Vargas et al., 1986, 
1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 1995b), Chile Ridge (Klein and 
Karsen, 1995; Sturm et al., 1999) 
 
Tab 3.4 Place Age (87Sr/86Sr)i   (143Nd/144Nd)i Affinity  
        
Pa201 Pali Aike   1 0.703392 0.000010 0.512910 0.000010 WP 
Pa201 Pali Aike   1 0.703401 0.000015    
Pa221 Pali Aike   1 0.703275 0.000010 0.512946 0.000010 WP 
Pa261 EGA   8 0.703374 0.000010 0.512876 0.000010 T 
Pa261* EGA  0.703383  0.512885   
Pa271 EGA   8 0.703237 0.000010 0.512874 0.000010 WP 
Pa271 EGA   8 0.703222 0.000015    
Pa279 Vizcachas 15 0.703735 0.000010 0.512838 0.000011 O 
Pa284 Vizcachas 15 0.703834 0.000011 0.512832 0.000010 O 
Pa284 Vizcachas 15 0.703814 0.000020    
Pa327 MCSC   6 0.704062 0.000011 0.512795 0.000010 T 
Pa361 M.Muerte   8 0.704336 0.000010 0.512700 0.000010 T 
Pa380 BGS   2.65 0.704938 0.000017 0.512623 0.000010 WP 
Pa380 L BGS  0.704930 0.000014    
Pa390 BGS   1.46 0.704876 0.000010 0.512747 0.000010 O 
Pa390 L BGS  0.704860 0.000010    
Pa409 BGS   2.49 0.704872 0.000010 0.512666 0.000010 WP 
Pa421 BGS   2.71 0.704941 0.000010 0.512665 0.000014 T 
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 Tab 3.5 Place Age (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i Affinity 
       
Pa201 Pali Aike   1 18.980 15.624 38.730 WP 
Pa221 Pali Aike   1 18.902 15.588 38.508 WP 
Pa261 EGA   8 19.020 15.642 38.838 T 
Pa261 EGA   8 19.022 15.643 38.843  
Pa271 EGA   8 19.084 15.639 38.853 WP 
Pa279 Vizcachas 15 18.559 15.599 38.447 O 
Pa284 Vizcachas 15 18.616 15.575 38.342 O 
Pa327 MCSC   6 18.549 15.609 38.542 T 
Pa361 M.Muerte   8 18.780 15.641 38.793 T 
Pa361 M.Muerte   8 18.761 15.621 38.740  
Pa361 M.Muerte   8 18.771 15.631 38.767  
Pa380 BGS   2.65 18.313 15.569 38.408 WP 
Pa390 BGS   1.46 18.557 15.600 38.478 O 
Pa409 BGS   2.49 18.236 15.544 38.344 WP 
Pa409 BGS   2.49 18.250 15.552 38.360 WP 
Pa421 BGS   2.71 18.414 15.576 38.448 T 
 
Tables 3.4 and 3.5. Sr, Nd, Pb age-corrected isotope compositions of selected samples (λRb = 
1.42x10-11/year (Steiger and Jäger, 1977), λSm = 6.54x10-12/year (Lugmair and Marti, 1978), λ238U = 
1.55125x10-10/year, λ235U = 9.8485x10-10/year, λ232Th = 4.9475x10-11/year (Steiger and Jäger, 1977)). 
Ages in italics are supposed. Sr and Pb isotope compositions reported in italics are replicated 
analyses. Sr and Nd isotope composition of sample Pa261* was published by D’Orazio et al., 
2001. Sr isotope compositions of Pa380 L and Pa390 L samples determined after HCl leaching 
(the values are not age corrected).  
 
3.9 Helium isotopic compositions 
A total of 18 helium isotope and abundance analyses were performed on olivine and 
pyroxene separates. They represent selected lavas (BGS lavas, Pali Aike, Estancia 
Glencross Area, Meseta de las Vizcachas, MCSC, Meseta de la Muerte; 12 olivine 
separates) and some mantle xenoliths from Pali Aike and BGS (4 olivine, 1 clinopyroxene 
and 1 orthopyroxene separates, respectively). 
Helium abundances and isotope ratios, obtained by the crushing of olivine and pyroxene 
separates, are reported in table 3.6. The helium abundances are expressed as cc STP g-1  
(cm3 at standard temperature and pressure [25° C, 1 bar] /grams) and are corrected for 
helium blanks, while the isotope ratios are reported as 3He/4He ratio relative to air (R/RA; R 
and RA are sample and air 3He/4He values respectively). 
Helium abundances and isotope ratios vary between 0.73 and 23.8 x 10-9 cm3 STP g-1 and 
between 1.25± 0.40 and 6.91± 0.33 R/RA, respectively.  
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The highest 3He/4He isotope ratios are recorded for the lavas of Pali Aike and BGS (6.1 
and 6.9 Ra) and for mineral separates (4 ol, 1 cpx, 1 opx) of mantle xenoliths occurring in 
both these volcanic fields (6.4 ± 0.3 RA; average ± st.dev). 
Meseta de la Muerte (5.44 RA) and MCSC (5.63 RA) have slightly lower helium isotope 
values, while, Meseta de la Vizcachas (4.65-1.25 RA) and Estancia Glencross Area lavas 
(4.59-3.62 RA) show the lowest isotope values. 
The highest He isotope ratios are only slightly lower than the characteristic MORB values 
(8± 1 RA) and essentially fall within the typical continental and arc magmatism range 
(Dunai and Porcelli, 2002; Hilton et al., 2002; Graham 2002), and so, they suggest a 
significant upper mantle contribution.  
 
Samples  Phase Weight  4He 3He/4He Error 
   (g) (cc STP g-1) (R/RA) (2σ) 
       
Pa201  Pali Aike  Ol 1.596 2.38 e-08 6.37   ±  0.10 
Pa221  Pali Aike  Ol 1.576 7.68 e-10 6.09   ±  0.50 
Pa261  EGA Ol 0.955 9.92 e-10 4.59   ±  0.53 
Pa271  EGA Ol 0.782 7.29 e-10 3.62   ±  0.47 
Pa279  Vizcachas Ol 0.909 2.41 e-09 4.65   ±  0.47 
Pa284  Vizcachas Ol 1.215 1.16 e-09 1.25   ±  0.40 
Pa327  MCSC Ol 0.711 5.09 e-09 5.63   ±  0.40 
Pa361  M. Muerte Ol 1.123 3.71 e-09 5.44   ±  0.27 
Pa380  BGS Ol 0.561 1.74 e-09 6.72   ±  0.55 
Pa390  BGS Ol 0.941 3.36 e-09 6.91   ±  0.33 
Pa409  BGS Ol 0.710 4.89 e-09 6.75   ±  0.24 
Pa421  BGS Ol 1.024 2.10 e-09 6.06   ±  0.36 
       
Xenoliths       
       
Pa203 M/6  Pali Aike  Ol 1.002 1.85 e-08 6.64   ±  0.06 
Pa233 M/7  Pali Aike  Ol 1.933 1.23 e-08 6.59   ±  0.13 
Chu1 Ol BGS Ol 0.956 1.51 e-09 6.46   ±  0.45 
Chu2 Ol BGS Ol 1.125 1.10 e-09 6.29   ±  0.56 
Chu1 Cpx  BGS Cpx 0.568 7.87 e-10 6.76   ±  0.69 
Chu1 Opx  BGS Opx 0.758 7.06 e-10 5.88   ±  0.89 
  
Table 3.6. Handpicked olivine separates were leached in 2N HNO3, then ultrasonically cleaned in 
acetone and dried at 120°C. RA = 3He/4He atmospheric ratios 1.39 x10-6. 
 
On the other hand, the occurrence of low 3He/4He ratios (4.7-1.3 RA) implies some different 
possibilities: (1) the presence of sources (mantle or crustal) with high 4He components, (2) 
the effect of air contamination during analyses, (3) the in-growth of radiogenic 4He.  
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These last two processes can partially/completely change the original signatures of the 
magmas recorded in mineral or in the whole rock.   
Nevertheless, we consider that both air contaminations during laboratory works and 
radiogenic 4He in-growths are unlikely options to explain the wide range of helium isotopic 
compositions.  
(1) 3He/4He isotope analyses are determined with mass spectrometer and extraction 
systems that keep helium blank levels low (Stuart et al., 1999). In this study, the 
average of 4He blank levels is about 2.8 x 10-11 cc STP g-1. This average blank level 
represents less than 4.9% of the lowest quantity of 4He extracted (samples Pa271) 
and less than 2% of the 4He extracted from the samples with the lowest helium 
isotope ratio (sample Pa284).  
(2) Radiogenic 4He is generated by the decay of Th and U. Both these elements are 
highly incompatible in olivine. So the radiogenic 4He, produced by Th and U decay, 
is probably sited in the groundmass and not in the mineral lattice.  
(3) It is well established that processing sample by vacuum crushing liberates helium 
from CO2 bubbles, associated with melt inclusions, and from fluid inclusions 
keeping radiogenic helium in mineral lattice (Kurz, 1986; Scarsi 2000). 
Therefore, the wide range of isotope values, covering about half of the total variation 
observed in igneous rocks, not associated with mantle plumes, worldwide, represents the 
involvement of crustal and mantle sources.  
These results, with one exception, fall within the same range as those recorded in a 
previous helium study on Cenozoic Patagonian Volcanism (Ackert et al., 2003; Kaplan et 
al., 2004) and are sandwiched between the helium compositions of the Chile Ridge (Sturm 
et al., 1999).  
In addition, with respect to the data reported by Ackert et al. (2003), our 3He/4He ratios do 
not show a co-variation with helium abundances. Moreover, they do not show any 
systematic relationship with the chemical affinity of the erupted lavas (3.67-6.75 RA, 4.59-
6.06 RA and 1.25-6.91 helium isotope ratios of WP, T and O lavas respectively). 
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Figure 3.19. 3He/4He vs He abundances. Helium abundances and isotope compositions of 
selected samples are reported. They are plotted for comparison with Chile Ridge (Sturm et al., 
1999) and CPV (Ackert et al., 2003). The composition of N-MORB (8±1 R/RA) is reported in the 
grey area. 
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CHAPTER 4 
 
DISCUSSION 1: BGS magmatism 
In the following sections, we investigate the chemistry and the isotopic compositions of 
BGS lavas to characterize the nature of the sources involved in the melting processes and 
during their uprising through continental lithosphere. 
The discussion on the genesis of these magmas, due to the wide range of chemical and 
isotope variations, is divided into three parts, in which are separately analysed the peculiar 
lavas of Cerro Ante, the subalkaline lavas (Group 1s) and the alkaline lavas (Group 1a, 
Group 2Na, Group 2K), 
 
4.1 Cerro Ante Lavas Genesis  
The Cerro Ante is the westernmost Pleistocene (1.46±0.2 Ma) spatter cone and is located 
in close proximity to the Andean Cordillera (44:42’ S; 70:46’ W). Its lavas, as highlighted 
during results presentation (3.5.2), show basanitic compositions (SiO2≈46-47% total alkali 
6-7%), primitive signatures and high K2O/Na2O ratios (1.2-1.9).  
Multi-element patterns exhibit significant enrichments in LILE (Cs, Rb, Th, U) and LREE 
with respect to the Nb-Ta contents (La/Nb=2.62-3.19; Th/Ta=13.16-14.37), considerable 
negative anomalies of Ba and Ti (Ba*=0.31-0.37) (Ba*=[Ba]N/([Rb]N*[Th]N0.5) and a 
sigmoidal shape of REE patterns. Its isotopic composition, in Sr-Nd-Pb isotopic systems, 
lies close to or within South Volcanic Zone fields. 
The primitive nature of Cerro Ante lavas (MgO wt%>9, Mg#=71-72; Ni=174-221 ppm, 
Cr=476-507 ppm) precludes any possible crustal contamination processes during the 
magma route towards the surface, and suggests that the unusual composition of its lavas 
could be ascribed to a mineralogical control during melting processes and/or to the 
composition of the mantle source(s) involved.  
 63 
As the melting processes strongly affect the major and trace element concentrations of a 
magma, the chemical composition of the Co. Ante lavas can be used as tool to constrain 
the mineralogy, the degree of melting and the composition of the mantle source involved in 
melting processes. 
The strongly alkaline compositions (normative Ne = 7.7-9.8 wt.%), in fact, suggest low 
degrees of melting, whereas the high fractionations between LREE and HREE ([La]N/[Yb]N 
= 17.9-12.4) indicate the occurrence of residual garnet in the mantle source.  
Quantitative estimates of melting degrees for the Cenozoic Patagonia Volcanism support 
values between 2 and 6% for alkaline lavas and suggest the presence of slightly LREE 
enriched mantle sources (Gorring et al., 1997; D’Orazio et al., 2001; Espinoza et al., 2005; 
Massaferro et al., 2006; for quantitative estimates of the BGS alkaline lavas see appendix 
‘melting degree’).  
Nevertheless, low degrees of melting in the garnet stability field of a slightly LREE 
enriched mantle source generated rectilinear REE patterns and not sigmoid shapes as 
recorded in the Co. Ante lavas. Therefore the sigmoid shape of the REE patterns could be 
attributed to the presence of hydrous phases, such as phlogopite or amphibole (pargasite), 
or to a peculiar composition of the mantle source involved in the melting processes. 
The presence of phlogopite, as suggested by KdREE phl/basanite reported by LaTourrette et al. 
(1995), does not generate fractionation between LREE and HREE and so this phase 
cannot be considered responsible for the sigmoid shape of normalized-REE patterns. In 
addition, if phlogopite represents a residual phase during melting processes, the resulting 
magmas must be characterized by the depletions in Rb and K as the KdK,Rb phl/basanite are 
higher than 2 (LaTourrette et al., 1995). In contrast, Co. Ante lavas show high K and Rb 
contents.  
Modelled melts, obtained from amphibole-garnet-bearing lherzolite sources with 
unfractionated REE composition (6 time chondrite composition of McDonough and Sun 
1995), are reported in figure 4.1. As shown in this figure, the presence of amphibole, as 
residual phase, kinks the REE pattern in three distinct parts. LREE and HREE, in fact, 
show more fractionation than MREE.  
In contrast, Co Ante lavas have opposite REE patterns with LREE and HREE less 
fractionated than MREE. It is important to note that, even if a LREE depleted source is 
used, the presence of the amphibole (pargasite) as residual phase does not allow us to 
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obtain liquids more fractionated in MREE than in LREE (KdLREE amphibole/basanite < KdMREE 
amphibole/basanite LaTourrette et al., 1995). 
 
 
  
Figure 4.1. Chondrite-normalized REE patterns of the Co Ante lavas and of the modelled melts. 
The modelled melts are obtained by 2.5% of modal batch melting processes (Shaw, 1970) of a 
source with six time chondrite composition, kd from McKenzie and O'Nion (1991) with the 
exception of kdREE amphibole (LaTourrette et al., 1995). 
 
In conclusion, the presence of phlogopite in Co. Ante magma genesis seems to be an 
unlikely option due to the high Rb and K contents; on the other hand, the presence of 
amphibole cannot be excluded even if it cannot be considered responsible for the peculiar 
REE patterns. Therefore, the peculiar sigatures of Co. Ante lavas seem to be related to the 
composition of the source involved in the magma genesis.  
Quantitative estimates of melting degrees and source concentration are performed making 
use of: CR methods (Maaløe, 1992), modal batch melting equations (Shaw, 1970), a 
mantle source with a dry mineralogy (Ol 66%; Opx 20%; Cpx 8%; Gar 6%), Lanthanum as 
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most incompatible elements (with respect to the other REE) and Kd from McKenzie and 
O'Nions (1991)(more details in appendix melting degrees).   
 
             
Tab 4.1 La  Ce Nd Sm Gd Tb Dy Ho Er Yb  Av.  
Q Pa388/Pa390 1.53 1.39 1.21 1.18 1.22 1.17 1.12 1.10 1.10 1.06   
             
f min 1.8 1.2 1.6 4.0 3.3 2.8 2.8 3.7 4.7  2.9 
             
f max 2.8 1.9 2.5 6.2 5.1 4.2 4.3 5.7 7.2  4.4 
 
The obtained f values (degrees of melting) for Co. Ante lavas range between 2.9 and 4.4% 
(tab 4.1). These values are consistent with quantitative estimates of melting percentages 
for Patagonian alkaline lavas (Gorring et al., 1997; D’Orazio et al., 2001; Espinoza et al., 
2005; Massaferro et al., 2006; for quantitative estimates of the BGS alkaline lavas see 
appendix ‘melting degree’) and can be used to obtain a possible composition of the Co. 
Ante mantle source (fig 4.2).  
 
 
   
Figure 4.2. Multi-element diagram showing a possible chemical composition of Co. Ante mantle 
source. Plotted for comparison ‘modified slab-window mantle’ (Gorring and Kay, 2001). Normalized 
values are from primordial mantle of McDonough and Sun, 1995. Co. Ante mantle source is 
obtained using: the composition of Co Ante erupted lavas, modal batch melting equations (Shaw, 
1970), a mantle source with a dry mineralogy (Ol 66%; Opx 20%; Cpx 8%; Gar 6%), and 2.9 and 
4.4 % as the lowest and highest melting degree. The composition of the source is reported in 
appendix ‘melting degree’. 
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As shown in figure 4.2, the calculated composition of Co. Ante mantle source is 
characterized by lower HFSE (Nb, Ta, Ti) and higher LILE and LREE contents than the 
primordial mantle (McDonough and Sun 1995) and than that used by Gorring and Kay 
(2001) to model Patagonian lavas.  
Mantle sources showing high LILE and LREE and low HFSE contents are generally 
accounted for by the combination of melts extraction and the addition of slab-derived 
components (Gill, 1981; Plank and White, 1995; Ewart et al., 1998).  
In fact, as LILE, LREE and HFSE are incompatible elements, the melting processes that 
occur in the mantle tend to concentrate them in the melts; thus depleted mantle residua 
are generated. On the other hand, fluids, derived by dehydration processes occurring on 
subducting sediments and slab, are enriched in LILE and LREE leading to a distinctive 
increase in these elements relative to HFSE.  
However, the simple addition of fluids generates metasomatized mantle domains with high 
Ba and Pb contents relative to the other LILE and LREE elements (Kogiso et al., 1997; 
Tatsumi and Kogiso, 1997; Johnson and Plank, 1999). These kinds of signatures are in 
contrast with the compositions of both Co. Ante mantle source (fig. 4.2) and erupted lavas. 
The latter two, in fact, have normalized multi-element diagrams showing negative relative 
anomalies for Ba and Pb (Ba*=0.31-0.37; Ba*= [Ba]N/([Rb]N*[Th]N)0.5; (Ce/Pb= 19.1-51). 
 
 
 
Figure 4.3. Normalized multi-element diagram showing Co. Ante and ODP 141 sediment 
compositions. 
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The involvement of melts as metasomatic agents could be another possibility. In fact, also 
slab or/and sediment-derived melts can potentially be able to metasomatize the supra-slab 
mantle.  
In Patagonia, direct evidence of the presence of mantle domains metasomatized by slab-
derived melts are recorded by mantle xenoliths occurring in Co. del Fraile lavas (Kilian and 
Stern 2002) and by the occurrence of adakite-like magmas in arc (Stern and Kilian, 1996) 
and back-arc (Kay et al., 1993a) settings.  
The interaction between slab-derived melts and mantle peridotite produces a cryptic Na-
rich metasomatism characterized by relatively high La/Yb and Sr/Y ratios (Kepezhinskas et 
al., 1995; Schiano et al., 1995; Rapp et al., 1999; Kilian and Stern, 2002). Mantle domains, 
affected by this kind of metasomatism, generate magmas with adakite-like signatures. In 
contrast, Co Ante lavas have basanitic compositions with K-alkaline affinity. Therefore, the 
activation of metasomatic mantle source/s, linked to slab-derived melts, seem to be 
unlikely options for Co. Ante magma genesis.  
 
 
Figure 4.4. Normalized multi-element diagram in which are reported: Depleted Mantle (Salter and 
Strake, 2004), the ‘mantle composition’ used in the mixing model (arithmetic average between 
Primordial Mantle (McDonough and Sun, 1995) and Depleted Mantle (Salters and Strake, 2004), 
the Co Ante mantle source obtained by multi-element melting-inversion model (grey field) and the 
mantle sources obtained by simple mixing model between ODP 141 sediment (5 and 8% in wt) and 
‘mantle composition’ (white square).   
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The last hypothesis, that Cerro Ante lavas derive from mantle domains metasomatized by 
sediment-related melt, seems to be supported by qualitative and quantitative 
considerations. Indeed, representative analyses of subducting sediments, reported by 
Kilian and Behrmann (2003), show relatively high K2O contents (1.60-3.21 wt%), medium-
high K2O/Na2O ratios (0.5-1.18), medium-high Rb/Sr ratios (0.16-0.71) and low Ba* values 
(0.54-0.71). In the normalized multi-element diagram, in fact, Co Ante lavas and ODP141 
sediments show comparable patterns with only relative differences in absolute element 
abundances (fig. 4.3). 
Concerning the chemical features of the source involved, simple bulk-mixing models reveal 
that 5 and 8 % of ODP141 sediments (Kilian and Behrmann, 2003), mixed with a depleted 
mantle, are able to reproduce the main chemical features obtained for the calculated 
composition of the Co Ante mantle source (fig. 4.4).  
Comparable results can be obtained for the isotopic compositions. In fact, starting from a 
Sr and Nd ‘isotopically depleted’ mantle source (0.7030 and 0.5130 for 87Sr/86Sr and 
143Nd/144Nd ratios respectively) and adding approximately 5% (in wt) of ODP 141 sediment 
it is possible to obtain isotopic compositions that are close to that of Co. Ante lavas (Co. 
Ante= 0.70488 and 0.51275 for 87Sr/86Sr and 143Nd/144Nd ratios; depleted mantle source + 
5% of bulk sediment = 0.70502 and 0.51277 for 87Sr/86Sr and 143Nd/144Nd ratios 
respectively).  
On the basis of the collected geochemical and isotopic data we propose the following 
scenario for the genesis of the Co. Ante lavas:  
(1) the alkaline lavas of Co. Ante are generated by low melting degrees in garnet stability 
fields of a ‘metasomatized mantle source'. 
(2) Co. Ante mantle source show chemical and isotopic compositions supporting the 
presence of a depleted mantle successively metesomatized by sediment-derived melts 
(less than 5%). 
 
4.2 Subalkaline Lavas Genesis (Group 1s)  
Subalkaline lavas were exclusively erupted during early Miocene (20-16 Ma) and formed 
large lava plateaus that overlaid the SSB. 
These lavas have both tholeiitic basalt and andesitic basalt compositions and are far from 
being in equilibrium with mantle primary melts (MgO 6.1-7.5 wt%; Ni  122-162 ppm). 
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Petrographic analyses along with the major and trace element variation diagrams, 
however, suggest that crystal fractionation processes are dominated by olivine and, even if 
these lavas show the most evolved compositions (Mg#= 55-59), the added olivine amounts 
to restore the primary compositions are always less than 20% (in wt) (tab. 4.2).  
 Primary melts       
 Pa419 Pa393 Pa394 Pa395 Pa397 Pa399 Pa415 Pa416 
         
SiO2 52.1 50.9 50.3 50.1 49.6 49.9 51.1 50.8 
TiO2 1.4 1.4 1.4 1.5 1.5 1.4 1.3 1.7 
Al2O3 12.4 12.0 12.3 12.2 11.9 12.2 12.6 12.5 
Fe2O3 1.1 1.2 1.2 1.2 1.3 1.2 1.2 1.2 
FeO 9.2 9.6 9.7 9.8 10.0 9.6 9.5 9.3 
MnO 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
MgO 14.0 14.7 14.8 14.9 15.3 14.5 14.4 14.2 
CaO 6.4 6.7 6.8 6.8 6.8 7.7 6.5 6.6 
Na2O 2.7 2.7 2.6 2.6 2.6 2.5 2.8 2.7 
K2O 0.4 0.5 0.5 0.6 0.6 0.6 0.5 0.8 
P2O5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 
         
%ol 19.3 19.3 18.1 19.0 19.9 18.4 19.4 20.4 
 
Table 4.2. Primary compositions for the Group 1s lavas and percentage of olivine added (%ol). 
The technique used to evaluate the cryst-mass fractionated and the primary composition, involves: 
(i) interactively adding equilibrium olivine to the whole rock composition (ii) constant Fe3O2/FeO 
ratio (Fe3O2/FeO = 0.15) of the starting compositions (iii) constant KdOl-Liq of 0.3 (Roeder and 
Emslie, 1970). Primary liquids are in equilibrium with a mantle olivine (Fo= 90). 
 
These lavas, however, have some peculiar features: 1) ‘kinked shape’ of the chondrite-
normalized REE patterns ([La]N /[Sm]N=1.2-1.9; [Sm]N /[Yb]N = 2.5-3.2); 2) high Cr contents; 
3)  low Ce/Pb ratios and 4) high Sr/La and Ba/Th ratios, which derive from the interference 
of different processes occurring during the melt generation or during their uprise towards 
the surface. 
Numerous melting experiments (Hirose and Kushiro, 1993; Kushiro, 2001) suggest that 
subalkaline magmas derive from high degrees of melting in shallow mantle levels (1 GPa-
1.5 GPa), corresponding to melting depths of 35-50 km. These melting depths (or 
pressures) suggest that Group 1s is generated within the stability field of spinel peridotite, 
as the garnet becomes stable at pressures higher than 1.6 or 2.5 GPa in wet or dry 
conditions, respectively (Gaetani and Grove, 1998; Hirose and Kakamoto, 1995). 
However, this hypothesis is in contrast with the high MREE/HREE indicating that garnet 
bearing sources are required.   
Another possibility could be that Group 1s originates by polybaric melting processes 
starting in the garnet stability field and continuing in the spinel stability field. Nevertheless, 
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the final liquid is the result of aggregates of melts essentially deriving from spinel 
peridotite. Therefore, it is not applicable to Group 1s. 
Alternatively, we can suppose that the subalkaline nature of Group 1s is not a primary 
feature occurring due to melting processes but it is a characteristic acquired during the 
percolation and reaction of the melts with the surrounding mantle (Kelemen et al., 1992; 
Shaw, 1999). The subalkaline nature of some lavas, indeed, has been accounted for by 
hypothesizing a two stage model in which alkaline liquids are generated in garnet stability 
fields and subsequently, reacting with mantle harzburgite, acquire the subalkaline nature of 
the erupted lavas (Wagner and Grove, 1998; D’Orazio et al., 2001). In fact, as suggested 
by Kelemen et al. (1992) if the mantle peridotite is slightly colder than the ascending liquid, 
the liquid can react with the peridotite precipitating olivine and dissolving, at first, opx and 
after cpx.  
Simple mass-balance calculations for major element contents highlight that the primary 
compositions of lavas belonging to Group 1s can be obtained starting from alkaline 
primary composition (Pa414) and supposing the assimilation of pyroxene and the 
crystallization of olivine (see tab.4.3). 
 
 Table 4.3 SiO2 TiO2 Al2O3 FeOTot MnO MgO CaO Na2O K2O P2O5       
              
Primary liquid               
Group 1s olivine 
corrected  
49.6-
52.1 
1.3-
1.9 
11.8-
12.4 
10.2-
11.2 
0.1-
0.2 
14.0-
15.3 
6.4- 
7.7 
2.2- 
2.8 
0.4-
0.8 
0.2-
0.3    
              
ModelA 50.8 1.8 12.2 10.1 0.2 14.9 6.8 2.1 0.8 0.3    
              
            
Proportion of 
Reactants 
Reactants              
Olivine 40.86      9.77  49.37      -20.3%  
Opx 55.09 0.12 6.36    6.36 0.13 32.90   0.63 0.11     36.0%  
Cpx 52.75 0.59 6.61    2.54 0.09 15.39 19.13 1.95      0.40%  
Pa414 primary melt 46.91 2.13 11.84 11.64 0.14 15.76   7.76 2.39 0.91 0.38  83.9%  
                     MA/MC 1.18     
 
Group 1s olivine corrected: end-members of major elements of the calculated primary 
compositions, obtained projecting back Group 1s lavas adding equilibrium olivine until they 
equilibrate with mantle olivine Fo90.  
ModelA composition obtained by reacting Pa414 primary liquid with harzburgite mantle: assimilating 
opx and cpx and crystallizing olivine. Opx and cpx compositions are from mantle xenoliths of 
Cerro de los Chenques (Rivalenti et al., 2004). 
MA and MC assimilated and crystallized masses 
All values are reported in wt%. 
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As shown in table 4.3, the obtained liquid has major element concentrations within the 
variation range of the Group 1s primary composition (the only exceptions seem be 
represented by FeOTot and Na2O contents that in the proposed model are slightly lower). In 
addition, low variations in the proportions of the reacting phases can generate the entire 
spectrum of primary compositions for Group 1s.   
Concerning the trace elements, they are modelled adopting the computational method of 
DePaolo (1981), the olivine fractionation-corrected chemical composition of the Miocene 
alkaline lava Pa 414, and the average composition of the mantle nodules occurring in Co. 
de lo Chenques reported by Rivalenti et al. (2004) as reacting mantle (more details in 
appendix Melt/Mantle reaction).  
The obtained liquids have comparable incompatible trace element abundances and REE 
normalized pattern with a kinked shape ([La]N /[Sm]N=1.5; [Sm]N /[Yb]N = 3.4) (fig 4.5). Even 
though Cr abundance is not modelled, we can suppose that the new liquids are enriched in 
this element due to the assimilation of cpx. Analyses of clinopyroxenes, occurring in 
mantle nodules found within the lavas of Co. de lo Chenques, show high Cr2O3 contents 
spanning between 0.68-1.95 wt% (Rivalenti et al., 2004). 
Although melt-harzburgite reaction processes help to explain some of the peculiar 
chemical features of Group 1s (subalkaline nature, high fractionation of HREE suggesting 
melts generation in the garnet stability fields, kinked REE patterns, high Cr contents), they 
are unable to account for the low Ce/Pb and the high Ba/Th and Sr/La ratios. 
These signatures can reflect primary chemical features of the mantle sources, involved in 
melting processes or in melt-harzburgite reactions, or peculiarities acquired during their 
ascent through the crust towards the surface. 
Interestingly, these kinds of signatures are also described in the subalkaline lavas of 
central southern Patagonia (Main Plateau; Gorring and Kay, 2001) and in some alkaline 
lavas of Meseta del Lago Buenos Aires (Gorring et al., 2003; Espinoza et al., 2005). They 
have been interpreted as evidence of subduction related components (like slab-derived 
fluid and/or subducted pelagic sediment) that had contaminated the mantle lithosphere 
and/or the supraslab astenosphere. 
However, magmas generated by metasomatized (addition of sediments/slab-derived 
fluids/melts) mantle sources, are characterized by high LILE/HFSE, LILE/LREE and 
LREE/HFSE ratios. 
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In this case, with the exception of the previously mentioned ratios (Sr/La, Ba/Th, Ce/Pb), 
the other significant trace element ratios are low and well within the typical range of MORB 
and OIB (La/Nb =0.68-0.82; Th/Ta =1.31-1.67); multi-element diagrams, in fact, are 
characterized by the usual humped element distributions peaking in Ta-Nb and suggesting 
that the involvement of subduction-related mantle source(s) is an unlikely option to account 
for the low Ce/Pb and high Sr/La and Ba/Th values. 
 
 
 
Figure 4.5. In the multi-elements diagrams are reported: the compositions of Pa 414 (Group 1a) 
corrected for olivine fractionation (white triangle) (see appendix Melts/Mantle reaction), Group 1s 
corrected for olivine fractionation (white area), the composition of mantle nodules occurring in Co. 
de los Chenques (grey area; Rivalenti et al., 2004) (see appendix Melts/Mantle reaction), the 
composition used as reacting mantle (black diamonds) (see appendix Melts/Mantle reaction), the 
obtained melt (black circles) (see appendix Melts/Mantle reaction). Normalized values are from 
Primordial Mantle of McDonough and Sun, 1995 
 
Another possibility could be that the high Sr/La-Ba/Th and the low Pb/Ce values are 
acquired during the travel through the crust. However, the previous ratios cannot be easily 
explained by assimilation-fractionation-crystallization processes (AFC). 
In fact, although Nd isotopic composition decreases and Sr isotopic composition increases 
with the decreasing of MgO abundances, Group 1s shows the lowest trace element 
contents of BGS magmas and so, the assimilation of enriched crustal components must 
generate an important shift in the chemical and isotopic compositions of the erupted lavas. 
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In addition, the hypothetical crustal rocks must have rather high Sr/La ratios that are rarely 
reported for Patagonian Crust. 
Patagonian mafic lower crust granulites with low REE contents (La< 11 ppm), low 
incompatible trace elements (Cs-Rb-Th-U), high Sr (> 430 ppm), high Pb and high Ba 
contents are reported in Pankhurst and Rapela (1995) and in Gorring (1997).  
 
 
 
Figure 4.6. Multi-element diagrams in which are reported: the melt-harzburgite reaction 
composition, mafic lower crust, the composition of Group 1s olivine fractionation corrected and the 
modelled melts after the contamination with (1) bulk lower crust, (2) crustal melts and (3) 
plagioclase. See the key beneath the figure.  
 
Thus, starting from the liquid composition obtained from the melt-harzburgite reaction, and 
a possible Patagonia lower crust as contaminant, we can model the contents of selected 
trace elements (more details in appendix ‘crustal contamination’). These calculations 
reveal the following points (figure 4.6): 
(1) Up to 25% bulk assimilation of lower crust is required to reproduce the most enriched 
isotopic compositions (0.704546 of 87Sr/86Sr) and the observed Sr/La, Ba/Th and Ce/Pb 
ratios. Although bulk mixing supports crustal contamination, it requires an unrealistic 
amount of contaminant.   
(2) Modelling using crustal melts as the contaminant (see appendix ‘crustal contamination’ 
point 2) does not generate systematic chemical differences from the simple bulk mixing. 
Nevertheless, the melts allow us to decrease the mass of the contaminant. The most 
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enriched isotope compositions (87Sr/86Sr = 0.704546) and the observed Sr/La, Ba/Th and 
Ce/Pb ratios can be obtained by adding approximately 15 wt. % of crustal melts. 
(3) Using exclusively plagioclase as the contaminant, it is possible to obtain the observed 
Sr/La, Ba/Th and Ce/Pb ratios and Sr isotope compositions by adding less than 10% of 
contaminant.  
Based on the collected geochemical and isotopic data, we propose the following scenario 
for the genesis of Group 1s: (1) alkaline liquids with comparable isotope and trace 
elements content to Group 1a are generated by garnet-bearing lherzolite mantle source; 
(2) during the percolation through the mantle towards the surface, these melts react with 
both garnet and spinel harzburgite, increasing their SiO2 abundances and diluting the 
incompatible trace element contents; (3) the density contrast between upper mantle and 
continental crust makes the Moho an ideal place for these magmas to fractione olivine and 
to assimilate lower crust (essentially feldspathic materials) before being erupted at the 
surface. 
 
4.3 Alkaline Lavas  Genesis (Group 1a, Group 2Na, Group 2K) 
4.3.1 Crustal contamination processes vs. heterogeneous mantle sources. 
The wide range of variation in Sr-Nd-Pb isotopic compositions of alkaline BGS lavas, 
covering completely the isotope variations of all CPV, may derive from continental crust 
assimilation processes, occurring during magmas travel through continental lithosphere en 
route to the surface, or from the activation of heterogeneous, melt/fluid-metasomatized, 
mantle sources. 
The assimilation of continental crust generally produces some peculiar geochemical 
markers such as the increase in some elements like SiO2, Rb, K, high values of Rb/Sr, 
Rb/Ba, K/P ratios, systematic covariances between these latter chemical features and Sr-
Nd-Pb isotopic compositions; and occasionally, spider diagrams characterized by Ta-Nb 
troughs.  
If the ‘time-controlled’ isotopic variations of BGS lavas are linked to continental crust 
assimilation processes, we should expect chemical and isotopic trends connecting the 
Eocene lavas (Group 1a) and the Patagonian continental crust.  
Eocene and Miocene Alkaline lavas (Group 1a) do not show any of these features. SiO2, 
Rb and K contents remain fairly constant. Rb/Sr (0.021-0.033), Rb/Ba (0.039-0.088), K/P 
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(3.43-4.66) ratios are low, within the typical ranges of the N-MORB or OIB (Sun and 
McDonough, 1989) and are poorly correlated with Sr-Nd-Pb isotopic compositions. 
On the other hand, Plio-Pleistocene lavas (Group 2Na and 2K) have the highest Rb/Sr 
(0.034-0.078), Rb/Ba (0.071-0.129) and K/P (5.18-7.2) ratios showing systematic 
covariations with the isotopic compositions. 
 
 
 
 
Figure 4.7. In the Rb/Sr vs 87Sr/86Sr diagram are reported the compositions of alkaline lavas of 
BGS. The symbols are the same as in figure 3.3. Plotted for comparison are the cpmposition of: 
Chon Aike Province (Pankhurst and Rapela, 1995; Pankhurst et al., 2006), Chile Ridge (Klein and 
Karsen, 1995; Sturm et al., 1999), and Cenozoic Patagonian Volcanism (CPV) (Stern et al., 1990; 
Gorring et al 1997, 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and Kay, 2001) 
 
Plotting the Sr or Nd isotope compositions vs. Rb/Sr, Rb/Ba or K/P (fig. 4.7), the alkaline 
BGS lavas form trends showing a progressive shift in the chemical and isotopic 
compositions of erupted lavas with time. These trends develop from the compositions of 
the Chile Ridge (Sturm et al., 1999) towards those of the Patagonian Continental Crust 
(Chon Aike Province; Pankhurst and Rapela, 1995; Pankhurst et al., 2006), and could 
suggest that the ‘time controlled’ enrichments of the BGS isotopic compositions could be 
the consequence of the increase in the continental crust assimilation processes. 
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However, additional considerations preclude crustal assimilation processes and suggest 
the presence of enriched and heterogeneous mantle domains: 
(i) even if the Groups 2Na and 2K show the highest Rb/Sr-Rb/Ba-K/P ratios, these values 
are only slightly higher than the typical N-MORB range (i.e. Rb/Sr=0.1-0.4, Regelous et al., 
1999) and are always within Chile Ridge values. 
(ii) 87Sr/86Sr (or 143Nd/144Nd) vs. MgO diagram shows that Sr (or Nd) isotopic compositions 
remain fairly constant with decreasing MgO content, suggesting that 
fractionation/assimilation processes are not the dominant process responsible for the 
isotopic enrichment of Plio-Pleistocene magmatism. 
(iii) the primitive nature of the erupted lavas (high Mg#, Ni, Cr) is an indirect proof of short 
ponding times of magmas within the shallow continental crust, and the occurrence of 
mantle xenoliths/xenocrysts, that are found in high abundance within the lavas of Co. de 
los Chenques, indicate a high ascent rate of magmas, hindering significant interactions 
with crustal wall rocks.  
Several factors point out that crustal contaminations are unlikely magmatic processes for 
alkaline BGS lavas.  Therefore, the large difference in isotope compositions between, but 
also within, the main magmatic series (Groups 1a, 2Na, 2K), can be accounted for by the 
involvement of heterogeneous mantle domains during melts generation processes. 
 
4.3.2 Fractional crystallization and P-T Melting Conditions 
The quantification of crystal fractionation processes, occurring in magmatic chambers, is 
generally difficult due to: i) multi-solid phases segregation ii) extraction and influx of new 
magma batches.  
Nevertheless, during the first differentiation stages of basic magma systems, the potential 
crystallization of solid phases is reduced at only cpx and olivine. Therefore, in these cases, 
the petrographic analyses, along with the variations of major and trace elements, 
represent important tools to understand and quantify the fractional crystallization 
processes.  
The studied lavas are characterized by high compatible element abundances (MgO> 
6.8%; Mg#= 57-72; Ni= 110-375 ppm; Cr= 90-480 ppm). MgO contents show positive 
correlations with Ni (fig 4.8) and Cr contents and they are poorly correlated Sc and V 
contents (the latter two elements are both fractionated during Cpx crystallization).  
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In the Ni vs. MgO diagram (fig. 4.8), alkaline BGS lavas define two main groups falling 
above and below a primary melt composition, respectively (see ‘Primary melt’ line; like in 
George and Rogers, 2002).  
 
 
Figure 4.8. Ni vs MgO diagram in which are reported alkaline BGS lavas. The symbols are the 
same as in figure 3.3.  
 
The first group is represented by three lavas occurring in Co. de los Chenques spatter. 
They have anomalously high Ni and MgO contents. The petrographic along with mineral 
chemistry analyses (fig. 3.3 and fig. 3.4) suggest the occurrence of mantle xenocrysts and 
xenoliths within these lavas. Therefore, the high MgO and Ni contents must not be 
considered as indicative of primitive liquids but, rather, of aggregates of evolved liquids, 
olivine xenocrysts and mantle xenoliths.  
The other alkaline BGS lavas form the second group. They show a quite primitive 
composition and, although major and trace elements (MgO> 6.8%; Mg#= 57-65; Ni= 110-
263 ppm; Cr= 90-375 ppm) suggest that none of these lavas truly represent primary melts, 
the variation diagrams along with the petrographic analyses seem support that: (i) olivine-
cumulus are not present (ii) olivine with minor amounts of Cr-spinel play a dominant role 
during fractional crystallization processes. 
Therefore, the primary compositions of the alkaline BGS lavas are estimated on the basis 
of the following assumptions: (i) the primary magmas fractionated only olivine, (ii) constant 
Fe3O2/FeO ratio (Fe3O2/FeO = 0.15 in wt.) (iii) the primary melts were in equilibrium with a 
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mantle Fo90 (iiii) constant KdOl-Liq of 0.3 (Roeder and Emslie, 1970) (iiiii) iteratively adding 
equilibrium olivine to the whole rock composition (Pearce, 1978).  
The primary composition of the magmas is an important tool to estimate pressures and 
temperatures of melt segregation. In fact, melting experiments (Hirose and Kushiro, 1993; 
Baker and Stolper, 1994; Fallon et al., 1988, 1997, 1999a, 1999b) suggest that SiO2, MgO, 
FeO contents are mainly a function of P-T melting conditions while K2O, Na2O and TiO2 
abundances are more affected by the melting degree as they are concentrated in the first 
melt fractions due to their incompatible nature (Klein and Langmuir, 1987; Fallon et al., 
1988; Hirose and Kushiro, 1993). 
The calculated melts are shown in appendix ‘P-T melting conditions’ and represent the 
primary compositions of BGS alkaline lavas (Groups 1a, 2Na and 2K). In appendix, are 
also reported the P and T melting conditions (calculated using three different empirical 
equactions based on SiO2, MgO and FeO primary contents) for alkaline BGS lavas.  
Primary liquids are obtained by adding back in 11 to 17 (wt%) of olivine, and display 
systematic differences between Group 1a and Group 2Na or 2K.  
Group 1a primary liquids, in fact, have systematically lower SiO2 and Al2O3, and higher 
FeO, MgO and CaO than Plio-Pleistocene primary magma compositions. 
The application of these P-T empirical relationships indicates that BGS alkaline lavas are 
generated in a wide range of pressure (3.5-1.8 GPa) and temperature (1420-1560° C) with 
higher P-T values occurring for Group 1a (3.5- 2.4 GPa ; 1460-1560°). 
These results, suggesting the presence of hot mantle sources at shallow mantle levels, are 
in contrast with geochemical markers of the lavas and the Patagonian xenoliths studies.  
Firstly, under the P melting conditions of Plio-Pleistocene magmas (2.1± 0.2 GPa), spinel 
is the only aluminous stable phase. If estimated pressures are correct, they are difficult to 
reconcile with the high LREE/HREE ratios and the almost rectilinear shape of the REE 
patterns, which suggest melt generations in the garnet stability field (P>2.5 GPa for a dry 
mantle peridotite).  
Secondly, temperatures higher than 1450° C are generally typical of mantle 
asthenosphere and, even if regional studies on Patagonian mantle xenoliths support the 
lack of deep sub-continental mantle lithospheric roots (Stern et al., 1999; Ivins and James, 
1999), these temperatures seem to be too high for the estimated melting depth. 
Nevertheless, Gorring et al., (1997, 2001) calculated comparable P-T melting conditions 
for Mio-Pliocene magmas of central southern Patagonia and accounted for the garnet 
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geochemical signatures of these magmas supposing the presence of H2O-CO2 
undersatured conditions of the sub-continental mantle. 
Indeed, numerous peridotite melting experiments demonstrated that the presence of 
volatiles, such as H2O and CO2, lead a decrease in liquidus temperatures approximately 
100-150° C with respect to dry conditions (Ulmer, 2001), and expand the garnet stability 
field to a pressure of 1.6 GPa (Gaetani and Grove, 1998; Hirose and Kakamoto, 1995). 
 
 
 
Figure 4.9. Pressure-Temperature diagram, showing the P-T melting conditions of alkaline BGS 
lavas and of the main Patagonian lava plateaus, current Pali Aike geotherm (Stern et al., 1999), 
Asthenosphere Adiabatic Path (AAP) (McKenzie and Bickle, 1988) and wet and dry peridotite solidi 
(Mengel and Green, 1989).  
 
At present, no estimates for the abundances of volatiles in any of the Patagonian magmas 
are available. In any case, the presence of variably modified-metasomatized domains in 
the Patagonian sub-continental mantle (Gorring and Kay 2000, Kilian and Stern, 2002; 
Rivalenti et al., 2004a, 2004b) can be considered indicative of the occurrence of wet 
mantle conditions below southern Patagonia. Therefore, in accordance with Gorring et al. 
(1997) and Gorring and Kay (2001), we suppose the presence of H2O-CO2 undersatured 
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mantle, which allows us to explain REE patterns and to correct the estimated equilibrium 
temperatures downwards.  
In figure 4.9, the P-T melting conditions, calculated with Albarède’s equations (1992), are 
reported together with the estimated melting conditions of Pali Aike (D’Orazio et al., 2000) 
and of the plateau lavas located between 46-48° S (Gorring et al., 1997). 
As shown in the figure 4.9, we can observe the same P-T melting path for all Patagonian 
magmatism, leading to the suggestion that, even if the absolute values of the calculated P-
T are wrong, relative differences in P-T melting conditions among the Groups 1a, 2Na and 
2K can be discriminated.  
Therefore, as indicated in figure 4.9, the BGS erupted lavas seem  
(i) to derived from mantle domains located at different depths 
(ii) from Eocene to Plio-Pleistocene, there is a progressive decrease in the depths of the 
mantle domains activated in the genesis of BGS magmatism. 
 
4.3.3. Partial melting and REE modelling 
REE are useful to evaluate the melting degree, the mineralogy and the composition of the 
source involved in melting processes. In fact, partial melting processes, in both garnet and 
spinel peridotite sources, generate melts enriched in LREE with respect to source 
compositions. LREE are incompatible elements and therefore they concentrate in low 
fractions of the melt. On the other hand, MREE and HREE have different geochemical 
behaviours for peridotite in garnet or spinel stability fields. HREE are preferentially retained 
by garnet relative to MREE, while MREE and HREE show comparable Kd values in spinel 
(McKenkie and O’Nions, 1991). Therefore, the presence of garnet as a residual phase 
during the melting generates fractionation between MREE and HREE.  
In fig. 4.10 A and B, the studied rocks are plotted in La/Sm vs Sm/Yb and La/Yb vs Dy/Yb 
diagrams. The BGS lavas are compared with modal batch melting trajectories resulting 
from garnet-lherzolite or spinel-lherzolite sources. Kd values and modeling parameters are 
reported in caption 4.10. Comparisons between melting trajectories and studied rocks 
suggest the following points:  
(1) both spinel and garnet peridotite sources can produce the observed variations in 
La/Sm ratios only for very low degrees of melting (less than 1%). 
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(2) Spinel-lherzolite sources cannot produce the observed variations in Sm/Yb and 
La/Yb ratios. 
(3) Melting of garnet–facies mantle sources produce hyperbolic trends in La/Sm vs 
Sm/Yb or in La/Yb vs Dy/Yb diagrams. The presence of trends developing from the 
garnet melting trajectory toward the spinel melting curve for alkaline lavas (Groups 
1a, 2Na and 2K) seem to be indicative of the contribution of both garnet and spinel 
mantle sources during melting processes. 
 
 
 
Figure 4.10: Sm/Yb vs La/Sm and Dy/Yb vs La/Yb diagrams. Melting trajectories resulting from: 
Mantle source mineralogy: Ol 66%, Opx 20%, Cpx 8%, Gar 6% or (Sp 6%); Kd from McKenzie and 
O’Nion, 1995. Source concentration uses Primordial Mantle values of McDonough and Sun (1995) 
The symbols are the same as in figure 3.3. 
 
Obviously, these results are strongly affected by the assumed trace-element 
concentrations in the source.  
Some authors developed computation methods that allow us to estimate the degree of 
melting without assumptions regarding the source composition (Maaløe, 1994; Zou et al., 
2000). These methods are based on the Concentration Ratios (CR) between highly 
incompatible elements, assuming that the CR values (Qi) of the incompatible element(i) for 
two lavas A and B are exclusively function of the degree of melting (more details in 
appendix ‘melting degree’).  
These methods give satisfactory results if: (1) differences in element concentrations in the 
selected lavas A and B are linked to variations in the melting degrees and not to fractional 
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crystallization or assimilation processes; (2) the selected lavas show comparable isotopic 
compositions, suggesting that same mantle source is involved. 
Groups 1a, 2Na and 2K satisfy requirement (1). In fact, chemical and isotopic evidences 
suggest that continental crust assimilation processes did not occur. In addition, the 
primitive nature of the studied lavas allows simple corrections of the incompatible trace 
element abundances.  
Groups 1a, 2Na and 2K do not satisfy requirement (2). Sr-Nd-Pb isotopes of the studied 
rocks vary in a large compositional range suggesting the presence of heterogeneous 
mantle sources. 
 
 
Figure 4.11. REE patterns normalized for Primordial Mantle of McDonough and Sun 1995 showing 
degree of partial melting and calculated source compositions for Group 1a, 2Na and 2K.   
 
However, considering that the Nd isotopic compositions remain fairly constant within of 
each group (Group 1a, Group 2Na, Group 2K), we can suppose that lavas from each 
group derived from mantle domains with comparable REE abundances. Thus, the CR 
method with incongruent batch melting equations of Shaw (1970) is applied to pairs of 
 83 
samples representing the highest and lowest degree of melting (Group 1a: Pa417-Pa425; 
Group 2Na: Pa380-Pat71; Group 2K: Pa400-Pa421).  
The initial modal source composition, the proportions of mineral phases entering the melts, 
and the Kd values are reported in appendix ‘melting degree’. The elements used to 
calculate the degree of melting are Nb, as the most incompatible element, and La-Ce-Nd-
Sm-Gd-Tb-Dy-Yb.  
As shown in 4.11, the degrees of melting (f) vary between 3.1-8.0%, 3.5-5.6% and 2.4-
4.6% for Groups 1a, 2Na and 2K, respectively. Furthermore, the use of the previous 
modelling parameters (source mineralogy, proportion of minerals forming the melt and 
highest and lowest degrees of melting), allows us to determine the REE concentrations in 
the source of these three sets of lavas (fig. 4.11). 
These calculations support that the mantle sources involved during BGS alkaline 
magmatism are enriched in LREE and have slightly lower or comparable MREE and HREE 
abundances with respect to the primordial mantle (McDonough and Sun 1995).  
LREE, in fact, vary between 2.4-3.0 times the Primordial Mantle values (McDonough and 
Sun, 1995), with magmas of Groups 2K and 1a originating from the most and the least 
LREE enriched mantle sources, respectively.  
 
4.3.4 Multi-component mantle interaction and potential end-members  
Mantle heterogeneities in the back-arc of active subduction zones, are generally linked to 
the dehydration/melting processes of slab or pelagic-continental sediments, which are 
subducted in the adjacent arc zone (Gill, 1981). Therefore, using the differences in 
geochemical behaviour of selected elements, we can try to unravel the chemical and 
isotopic signatures of the sources involved during melting processes. 
Elements such as Ba-Pb-Sr are enriched in slab-derived fluids, while LREE-Th-Nb-Ta are 
are generally mobilized by melts (Leeman et al., 1994; Kogiso et al., 1997; Tatsumi and 
Kogiso, 1997).  
In addition, Th and LREE are considered incompatible elements and their abundances are 
affected by the melting degrees (Hofmann, 1988). On the other hand, Nb and Ta are 
concentrated in the first fraction of melts only if Nb-Ta-bearing oxides (such as rutile) are 
not present as residual phases during the melting (Brenan et al., 1994, 1995; Eliot et al., 
1997; Kalfoun et al., 2002). Therefore, some element ratios such as Ba/Nb or Th/Ta or 
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La/Nb are useful to reveal the involvements of mantle source modified by slab 
dehydration/melting processes. 
Selected trace element ratios of alkaline BGS lavas (Ba/Nb= 5.6-12; Th/Ta= 1.1-2.3; 
La/Nb= 0.6-1.0) span in a rather limited range and suggest, as a first approximation, 
within-plate geochemical signatures (fig. 4.12). 
Nevertheless, as emphasised in Chapter 3, Plio-Pleistocene lavas have normalized multi-
element patterns between Rb and Ta varying from “humped” to ‘flat’. These chemical 
variations, showing a progressive increase of the LILE/HFSE and LREE/HFSE ratios, are 
positively correlated with the geographic/geodynamic position of the erupted lavas 
(LILE/HFSE and LREE/HFSE increase towards the arc zone) and seem to be indicative of 
the presence of an east-west chemical mantle zoning beneath the study area.  
 
 
 
Figure 4.12. Th/Ta vs La/Nb diagram in which are reported BGS alkaline lavas (BGS), Austral 
Volcanic Zone (AVZ; Stern and Kilian, 1996), Mafic Southern South Volcanic Zone (MgO> 4%) 
(Hickey-Vargas et al., 1986, 1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 
1995b; D’Orazio et al., 2003) and CPV (Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et 
al., 2000, 2001, 2005; Gorring et Kay 2001; Kay et al., 2004; Espinoza et al., 2005; Guivel et al., 
2006), Co. Ante lavas (star). N-MORB and OIB are from Sun and Mcdonough, 1989. Pyrolite is 
from Mcdonough and Sun 1995. 
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However, the low and limited ranges of variations in LILE/HFSE and LREE/HFSE values 
(Ba/Nb= 7.15-11.94; Th/Ta= 1.39-2.36; La/Nb= 0.77-1.05) suggest that mantle domains 
with arc signatures play a minor role in the genesis of Plio-Pleistocene alkaline lavas 
(Group 2Na and Group 2K).  
 
 
 
Figure 4.13. in the Pb-Sr isotope space are reported the isotopic compositions of BGS lavas. 
Plotted for comparison the compositions of: Chile Ridge (Klein and Karsten, 1995; Sturm et al., 
1999), Austral Volcanic Zone (AVZ; Stern and Kilian, 1996), Southern South Volcanic Zone (SSVZ; 
MgO> 4%; Hickey-Vargas et al., 1986, 1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 
1995a, 1995b) and CPV (Stern et al., 1990, Gorring and Kay, 2001, Gorring et al., 2003). 
 
Concerning the isotopic compositions, Earth’s mantle heterogeneity was described by 
Zindler and Hart (1986) in terms of end-members (DM, HIMU, EMI, EMII).  The term ‘end-
member’ implies mantle sources or reservoirs with distinct chemical and isotopic features, 
resulting from differences in the melt extraction processes or in the recycled subduction 
components (slab, pelagic and/or orogenic sediments) that occurred during Earth 
differentiation history.  
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The Pb-Sr isotope diagram is powerful in distinguishing the mixing of depleted and 
enriched reservoirs as the latter generate trends with different slopes and directions if DM 
and EMI/EMII/HIMU sources are involved. 
In Pb-Sr isotope space (fig 4.13), the new data form a broad negative trend developing 
from a depleted composition, that at first approximation seems to result from the 
involvement of both DM and HIMU mantle sources, towards enriched mantle (EM) 
components.  
Even if trace elements suggest a mantle chemical zoning, Sr or Pb isotopic compositions 
vs LILE/HFSE or LREE/HFSE do not present any clear correlation and suggest that the 
EM components are not associated with arc signatures.  
On the other hand, in the La/Yb vs. 87Sr/86Sr or 206Pb/204Pb diagrams, Group 1a shows 
comparable isotopic compositions for both highest and lowest La/Yb ratios, while Group 
2Na and Group 2K exhibit a positive or negative correlation between these parameters. 
 
 
 
Figure 4.14. La/Yb vs 87Sr/86Sr and vs 206Pb/204Pb. In the diagrams the BGS alkaline lavas are 
plotted. The symbols are the same as in figure 3.3.   
 
As La/Yb ratios can be considered an inverse measure of the partial melting degree, the 
previous diagrams seem to indicate that:  
(1) Aside from the degree of partial melting, the Eo-Miocene lavas have comparable 
isotope compositions. Therefore, due to their moderate uniform chemistry and isotopic 
ratios we can suppose that they derive from mantle domains with quite homogeneous 
chemical and isotopic compositions.  
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(2) The melting degree is related to the isotope compositions of the Plio-Pleistocene BGS 
lavas. As the highest La/Yb ratios are associated with the most enriched isotope 
compositions (EM), a consistent scenario can be represented by the presence of 
heterogeneous mantle in which the enriched and fusible components (EM) occur within in 
a depleted and refractory matrix. Thus, as the enriched component represents a small 
percentage of the mantle, during the first stage of the melting processes, only the most 
enriched components are involved. Successively, with the increase in the melting degrees, 
there is a progressive variation of the chemical and isotopic composition of the generated 
melts.  
Concerning the nature of this EM component, it is not clearly identified. In fact, the relative 
young age of the Patagonian continental lithosphere (< 500 Ma; Stern et al., 1999) did not 
allow the development of extreme Sr-Nd-Pb isotopic compositions due to the lack of time-
integrated growth of daughter isotopes.  
In addition, during the Phanerozoic, the metasomatic processes, that affected the chemical 
evolution of the Patagonian mantle lithosphere, are potentially able to produce both EMI 
and EMII –type mantle heterogeneity (Gorring et al., 2003).  
In fact, OIB-like magmatic-pulses during the Gondwana break-up and Cenozoic time are 
potentially able to generate EMI-like components, whereas the episodic injection during 
Paleozoic Time (Forsythe, 1982) and the continuous injection since Creaceous Time 
(Bruce et al., 1991) of subduction-related components can produce mantle components 
with EMII-like signatures.   
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DISCUSSION 2: Cenozoic Patagonian Volcanism 
Cenozoic Patagonian Volcanism offers a rare opportunity to investigate the mantle source 
involved in the back arc magmatism of an active subduction zone. The issue at stake here 
is to evaluate the contribution and the respective roles of the continental crust, the mantle 
astenosphere, the mantle lithosphere, and of the adjacent mantle wedge in the genesis of 
these magmas. Therefore, using of a combination of radiogenic (Sr-Nd-Pb-He) isotopes 
and trace element data, we should try to distinguish the chemical and isotopic features of 
the sources involved during the genesis and route towards the surface of the Patagonian 
magmas erupted in the last 15 my.  
 
4.5 Chemical and isotopic variations along the Patagonia back-arc: 
mantle heterogeneity vs crustal contamination 
Geochemical variations of the magmas erupted along the Patagonian back-arc are evident 
in the isotopic compositions (Sr, Nd, Pb) and certain trace elements ratios (LILE/HFSE, 
LREE/HFSE). They show relative systematic gradients in both N-S and E-W directions, 
suggesting the activation of different sources. Some representative patterns are illustrated 
in figure 4.15-4.16. 
 
 
 
Figure 4.15. Isotopic changes along the Patagonian back-arc between 45° and 52° S. Data 
sources: this work, Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001, 2005; 
Gorring and Kay, 2001; Guivel et al., 2006. 
 
143Nd/144Nd and 206Pb/204Pb decrease, and 87Sr/86Sr increase northwards. Both isotopic end-
members (Pali Aike and BGS lavas) show within-plate geochemical signatures and have 
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comparable values for significant trace element ratios. Therefore, the isotopic changes of 
the end-members are not associated with subduction inputs but, more likely, with the 
contribution of isotopically enriched mantle or crustal sources.  
Specific works on the most isotopically ‘enriched’ volcanic fields (Meseta del Lago Buenos 
Aires; Gorring et al., 2003 and Guivel et al., 2006; BGS, chapter 4.3.1) rule out important 
continental crust contributions and suggest the presence of enriched mantle components 
stored in the subcontinental Patagonian lithosphere. 
In addition, it is wothwhile noting that CPV rarely shows chemical features that can be 
directly linked to continental crust assimilation processes (D’Orazio et al., 2000, 2001; 
Gorring et al., 2003; Espinoza et al., 2005; Guivel et al., 2006). This does not preclude that 
some specific magmas suffered the assimilation of continental crust. Gorring and Kay 
(2001), in fact, suggest minor crust contribution in the genesis of the lavas of the ‘Main 
Plateau’ whereas, in section 4.2, we emphasized the role of the lower crust in the genesis 
of the subalkaline BGS lavas (Group 1s). Nevertheless, the extent of crustal 
contamination, experienced by Patagonian magmas towards the surface, is generally fairly 
small and apparently generates chemical and isotopic (Sr-Nd-Pb) shifts that are less 
important than those associated with the activation of different mantle sources.  
Concerning the chemistry of Patagonian lavas, selected trace element ratios (Ba/Nb; 
Th/Ta; La/Nb), show a wide range of variation, evidencing a progressive transition from 
OIB-like to orogenic affinity (Gorring and Kay, 2001).  
Actually, Ba/Nb, Th/Ta and La/Nb ratios of Patagonian lavas progressively increase 
westward. Therefore, as suggested by Gorring and Kay (2001), the importance of 
subduction-related components (fluids or melts deriving from subducted sediments or slab) 
in the mantle sources involved in the genesis of CPV progressively increase towards the 
arc zone (westwards). 
In conclusion, plotting the isotopic compositions (Pb-Sr-Nd) vs. selected trace element 
ratios (Ba/Nb, Th/Ta or La/Nb), CPV forms coherent linear trends suggesting no less than 
three different chemical and isotopic end-members occurred in the genesis of these lavas 
(fig. 4.16). 
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Figure 4.16: 206Pb/204Pb and 143Nd/144Nd vs Ba/Nb diagrams. Selected samples are plotted 
for comparison with: Cenozoic Patagonian Volcanism (CPV; Stern et al., 1990; Gorring et al., 1997, 
2003; Gorring et Kay 2001; D’Orazio et al., 2000, 2001, 2005; Espinoza et al., 2005; Guivel et al., 
2006;), Chile Ridge (Klein and Karsten, 1995), Austral Volcanic Zone (AVZ; Stern and Kilian, 
1996), Mafic South Southern Volcanic Zone (Mafic SSVZ; MgO> 4% Hickey-Vargas et al., 1986, 
1989; Futa and Stern 1988; Lopez-Escobar et al., 1993, 1995a, 1995b)   
 
End-member 1 is essentially represented by magmas erupted in Pali Aike and EGA. It is 
characterized by within-plate geochemical signatures, the most depleted Sr-Nd isotopic 
compositions and the highest 206Pb/204Pb isotope ratios (≈ 19).  
End-member 2 seems essentially represented by magmas occurring in BGS and Lago 
Buenos Aires volcanic fields. It shows within-plate affinity in the same way as end-member 
1, but it has the most isotopically enriched compositions and the lowest 206Pb/204Pb isotope 
ratios (≈ 18.2).  
End-member 3 shows chemical and isotopic compositions comparable with the mantle 
sources i strongly metasomatized by subduction-related agents (fluids, melts or both). It 
seems to be exclusively involved in the genesis of the lavas located in close proximity to 
the Andean belt.  
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4.6 Within-plate components 
For a global perspective on the mantle sources activated in the genesis of plateau lavas 
with within-plate geochemical signatures, we have compared our results to the available 
isotopic and chemical data for the main volcanic fields from the Patagonia back arc (Stern 
et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001, 2005; Gorring and 
Kay, 2001, Espinoza et al., 2005; Guivel et al., 2006). To minimize the effect of crustal 
contamination and to exclude the lavas whose sources were modified by subduction-
related materials, only lavas with SiO2< 51 wt% and with La/Nb < 1.05 or with Th/Ta < 2, 
were used for this comparison.  
 
 
 
Figure 4.17. K/Nb vs 87Sr/86Sr and U/Pb vs 87Sr/86Sr diagrams. In both the latter are reported the 
original and published data (Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 
2001, 2005; Gorring and Kay, 2001; Espinoza et al., 2005; Guivel et al., 2006). Plotted for 
comparison of HIMU and N-MORB values (Weaver, 1991).  
 
In the K/Nb vs. 87Sr/86Sr diagram (comparable patterns occur plotting U/Pb vs. 87Sr/86Sr or 
143Nd/144Nd or 206Pb/204Pb), lavas from a variety of localities of the Patagonian back-arc 
(south of 44.5°S) clearly show a positive correlation supporting that CPV can be a result of 
the sampling of isotopically distinct mantle sources.  
In addition, this trend is related to the latitude of the erupted lavas. The most isotopically 
depleted lavas (Pali Aike and Estancia Glencross Area), in fact, have the lowest K/Nb (or 
the highest U/Pb) ratios and occur in the southernmost volcanic fields of the Patagonian 
back-arc. 
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On the other hand, the most isotopically enriched samples show the highest K/Nb (or the 
lowest U/Pb) ratios and are represented by lavas occurring in the Plio-Pleistocene BGS 
volcanic fields and in the Meseta del Lago Buenos Aires. 
The ability of the Patagonian mantle to generate a wide range in isotopic compositions has 
been previously recognised by Gorring et al., (2001, 2003). They, in fact, proposed that the 
wide ranges of isotopic compositions could be attributed to the mixing between melts 
deriving from asthenospheric (depleted) and lithospheric (enriched) mantle sources.  
Some additional constraints on the isotopic nature of the Patagonian sub-continental 
mantle come from mantle xenoliths occurring within the volcanic rocks from Pali Aike, 
Estancia Lote 17, Cerro Redondo and Cerro Mojon (Kempton et al., 1999; Stern et al., 
1999; Gorring and Kay, 2000; Schilling et al., 2005; Conceição et al., 2005).  
 
 
 
Figure 4.18. 143Nd/144Nd vs 87Sr/86Sr diagram. In the diagram are reported the isotopic compositions 
of mantle xenoliths occurring within the lavas of Pali Aike, Estancia Lote 17, Co. Redondo and Co. 
Mojon. The triangles and the square represent isotope analyses performed on cpx and on whole-
rock, respectively. White and black symbols identify analyses on spinel or garnet bearing mantle 
nodules, respectively. Sr-Nd isotopic data from Kempton et al., 1999, Stern et al., 1999, Gorring 
and Kay, 2000, Schilling et al., 2005, Conceição et al., 2005.   
 
Although these mantle nodules show a wide range of isotopic compositions (fig. 4.18) they 
allow us to identify two main groups. The first group, represented by peridotites in the 
garnet-stability field, shows exclusively depleted isotopic compositions. The second, 
represented by peridotites in the spinel-stability field, is characterized by both isotopically 
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depleted and enriched compositions. Thus, also the data seems to support the presence 
of isotopically enriched components stored within the upper part of the subcontinental 
mantle (lithosphere). In this view, the progressive and coherent chemical (K/Nb, U/Pb) and 
isotopic (Sr, Nd and Pb isotope ratios) variations with the latitude of the erupted lavas, 
seem to indicate that the activation of the enriched lithospheric mantle source in genesis of 
the Patagonian magmas, increases progressively northwards (from 52° to 46° S). 
Concerning the nature of the depleted asthenospheric mantle source, the isotopic and 
chemical data suggest a mixture of two mantle domains, with composition similar to two 
classic end-member sources, notably known as HIMU (high U/Pb) and N-MORB (as 
described by Zindler and Hart, 1986). In addition, they show that the isotopically depleted 
mantle activated in the Patagonian magmas genesis is clearly different from that involved 
in the genesis of Chile Ridge magma. In fact, although both Patagonian and Chile Ridge 
lavas show comparable Sr and Nd isotopic compositions they have remarkably different 
Pb isotope ratios (4.16). Interestingly, these kinds of isotopic signatures (high Pb, high Nd, 
low Sr isotope values) were reported by Hole et al., (1995) and D’Orazio et al., (1999) for 
the Cenozoic alkaline lavas of Antarctica Peninsula. Therefore, considering that Drake 
Passage, that separate the Patagonia from the Antarctic Peninsula, started to open about 
30 Ma (Barker and Burrell, 1977; Lawver et al., 1985), these data seem to support close 
chemical, isotopic and geographical relationships between the sub-continental mantle of 
these two regions. 
The enriched components, due to the relatively young age of the Patagonian lithosphere 
(Stern et al., 1999), did not evolved to the extreme isotopic compositions needed to 
discriminate between EMI and EMII-type mantle components. Gorring et al., (2001, 2003), 
on the basis of selected trace element ratios and lead isotopic compositions, suggest that 
both EMI and EMII-like components occur within the Patagonian subcontinental mantle 
lithosphere north of 48°S. This hypothesis seems to be supported by recent structural-
magmatic-tectonic studies. In fact, Pankhurst et al., (2006) propose that the region 
currently located between 45 and 47° S, was involved during the Paleozoic in the 
Patagonia-Gondwana collision process. According to these authors, during the late 
Paleozoic, the metasomatic processes, linked to the injection of slab-related fluids/melts 
(pre- and syn-collision) and to the upwelling of subslab asthenosphere due to slab-break 
off processes (post-collision), were potentially able to produce both EMII and EMI –type 
mantle heterogeneity north of 48°S. 
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4.7 The arc Components 
The Patagonia volcanic rocks located in the western backarc (EGA, MCSC, Meseta de la 
Vizcachas, Meseta de la Muerte, Belgrano, MLBA), occasionally show slightly higher 
LILE/HFSE and LREE/HFSE ratios than those of the rocks occurring in the eastern 
Patagonia backarc (Gorring et al., 1997, 2003; Gorring and Kay 2001; Haller et al., 2002; 
Espinoza et al., 2005; Guivel et al., 2006).  These chemical signatures are considered 
evidence of the occurrence of arc-related components (Gorring et al., 1997, 2003; Gorring 
and Kay 2001; Haller et al., 2002; Espinoza et al., 2005; Guivel et al., 2006). The spatial 
restriction to the western backarc has been suggestive of a west to east decrease of arc 
components within the subcontinental mantle (Stern et al., 1990; Gorring and Kay, 2001). 
However, the contribution and the nature of these arc components, modifying the mantle 
source involved in the melting processes, are poorly constrained due to several factors 
that complicate quantitative modelling: (1) the north to south variations in the degree of 
depletion of the involved mantle source, (2) variations in the amount and composition of 
the subducting material and (3) variable amounts and types of fluids, melts and solid 
sediments deriving from the subducting slab (Gill, 1981). 
Nevertheless, the different geochemical behaviours of selected elements allow us to 
perform a qualitative estimate of the amounts and types of the metasomatizing agents. In 
fact, elements such as Ba, Pb, Sr, K and U are highly partitioned into fluids generated by 
both subducted MORB and sediments (Keppler et al., 1996; Hawkesworth et al., 1997; 
Kogiso et al., 1997; Tatsumi and Kogiso, 1997). On the other hand, experimental results 
suggest that Th and LREE are generally mobilized by melts (Keppler et al., 1996; Ayers et 
al., 1997) whereas Nb, Ta, and Ti can be retained in the subducted oceanic crust or 
sediments if Ti-oxides, such as rutile, are present (Brenan et al., 1994, 1995; Eliot et al., 
1997; Kalfoun et al., 2002). In conclusion, some trace element ratios, such as Ba/Th, 
Ba/La, Ce/Pb and Ba/Nb are useful to reveal fluid-dominated subduction components,  
while Th/Ta or La/Nb are more useful to identify slab- and/or sediment-derived melts.  
Therefore, in the following section, we discuss possible source contamination for the 
Patagonian lavas with variable arc signatures (Th/Ta >1.95; La/Nb >1.05). 
Although the selected lavas have normalized diagrams with higher LILE and LREE than 
HFSE, they show different degrees of relative enrichments in Cs, Rb, Ba, K, Sr, Th, La and 
U. 
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Figure 4.20. Ba* vs. Latitude. Ba* =(Ba)N/[(Th)N*(Rb)N]0.5. All plotted lavas have La/Nb> 1.05 or 
Th/Ta ratio > 1.95. The arrows indicate the direction in which La/Nb or Th/Ta ratios increase. 
MLBA = Meseta del Lago Buenos Aires; EGA= Estancia Glenncross Area. Data sources: Gorring 
et al., 1997, 2003; Gorring and Kay 2001; D’Orazio et al., 2000, 2001, 2005; Espinoza et al., 2005; 
Guivel et al., 2006) 
 
In the graph Ba* vs. Latitude (Ba*= (Ba)N/[(Th)N*(Rb)N]0.5), the lavas showing arc signatures 
seem to be characterized by both positive and negative Ba* anomalies (fig. 4.20). In fact, 
the middle Miocene to Pliocene lavas of the Mesetas de la Vizcachas and of the MCSC 
show high LILE contents with respect to Nb and Ta and significant negative Ba* 
anomalies. The latter anomalies increase with the increase of Th/Ta or La/Nb ratios. On 
the other hand, the lavas of the la Meseta de la Muerte, Central, Belgrano, NE and Lago 
Buenos Aires are characterized by positive Ba* anomalies that, in these cases, increase 
with Ba/Nb* (Nb* =17*Ta) ratios (fig. 4.20 and fig. 4.21).  
In the plot of Ba/Nb* vs Th/Ta (fig. 4.21), two different trends can be recognised. The first 
trend is characterized by high Th/Ta and relatively low Ba/Nb* ratios. The trend runs from 
the typical within-plate compositions (Th/Ta< 2; Ba/Nb*< 10) towards those of the 
 96 
sediments of ODP 141 (Kilian and Behrmann, 2003). It is represented by lavas occurring 
south of 49°30’ S. 
The second trend shows high Ba/Nb* associated with relatively low Th/Ta ratios. It lies 
above the simple mixing curve between pyrolite (McDonough and Sun, 1995) and 
sediment-derived fluids (ODP 141; Kilian and Behrmann, 2003). The lavas with these 
signatures occur exclusively north of 49°30’.  
 
 
 
Figure 4.21. Ba/Nb* vs Th/Ta. Data sources: south of 49°30’ S, Pali Aike, Camusu Aike, EGA 
(Stern et al., 1990; D’Orazio et al., 2000, 2001,2005), Meseta de las Vizcachas (Stern et al., 1990; 
Gorring, 1997; Kay et al., 2004; D’Orazio’s unpublished data), MCSC (Gorring, 1997; Kay et al., 
2004; D’Orazio’s unpublished data); north of 49°30’S, M. Muerte, M. Central, M. NE, M. Belgramo 
(Stern et al., 1990; Gorring and Kay, 2001), M. Lago Buenos Aires (MLBA) (Gorring et al., 2003); 
ODP 141 (Kilian and Behrmann, 2003); Mafic SSVZ (Hickey-Vargas et al., 1986, 1989; Futa and 
Stern 1988; Lopez-Escobar et al., 1993, 1995a,1995b; D’Orazio et al., 2003). The solid lines 
represent bulk mixing between (1) the Pyrolite (McDonough and Sun, 1995) and ODP141 Bulk D 
and (2) the Pyrolite (McDonough and Sun, 1995) and ODP141-related fluids. Bulk D (D= 
conc.solid/conc.fluid) are 0.2, 4, 5, 5, for Ba, Th, Ta, Nb, respectively.  
 
Lavas occurring south of 49°30’ S show large variations of Th/Ta and La/Nb ratios that 
seem to support the presence of melts as metasomatic agents; whereas, the variable 
Ba/Nb*, Ba/Th and Ce/Pb ratios for the lavas located north of 49°30’ S are more 
compatible with mantle sources contaminated by slab or sediment-related fluids.  
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The Patagonian sub-continental mantle can potentially be metasomatized by melts 
generated by both subducted sediments and MORB. In fact, south of Chile Triple Junction, 
as the young and hot Antarctic Plate is being slowly subducted beneath South America 
(2.1 cm/y DeMets et al. 1994), important coupling processes occur between the upper and 
lower plate (Lagabrielle et al., 2000). These induced important tectonic erosion processes 
(Cande and Leslie 1986; Polonia et al., 1999) implying the transfer of large masses of 
sediments and crustal rocks at the mantle depths. Therefore, if the mantle wedge is hot 
enough, the sediments can easily melt modifying the sub–continental Patagonian mantle 
composition.   
 
 
 
Figure 4.22. 87Sr/86Sr vs [Ba]N/[Th]N diagram. The grey area identify the main volcanic fields south 
of 49°30 (Pali Aike, Camusu Aike, EGA, Vizcachas, MCSC; Stern et al., 1990; Gorring, 1997; Kay 
et al., 2004; D’Orazio et al., 2000, 2001, 2005; D’Orazio’s unpublished data). Plotted for 
comparison are the fields of: ODP 141 (Kilian and Behrmann, 2003), SSVZ (D’Orazio et al., 2003), 
AVZ (Stern and Kilian 1996). Mixing curves are between: (1) bulk sediment (ODP 141) and pyrolite  
composition (McDonough and Sun, 1995) and (2) bulk sediment (ODP 141) and hypothesised 
composition of Pali Aike mantle source(Ba= 9.9 ppm; Th 0.0795 ppm; Sr =19 ppm). Sr isotopic 
composition of Pyrolite and Pali Aike mantle source is (0.7033). 
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On the other hand, the occurrences of adakite-like magmas in arc (Stern and Kilian, 1996) 
and back-arc (Kay et al., 1993) regions of Patagonia, and the adakitic glasses in mantle 
xenoliths (Co. del Fraile; Kilian and Stern, 2002) suggest the melting of subducted MORB 
and support for the presence of mantle domains modified by slab-related melts.  
Nevertheless, the relatively low Sr/Y values and high Rb/Sr ratios of the Mesetas de la 
Vizcachas and MCSC seem to be indicative of sediment-derived melts. 
 
 
 
Figure 4.23. 87Sr/86Sr vs [Ba]N/[Th]N diagram. The grey area identify the main volcanic fields north 
of 49°30 (M. Muerte, M. Central, M. NE, M. Belgramo, M. Lago Buenos Aires; Stern et al., 1990; 
Gorring et al., 2001, 2003; BGS data). Plotted for comparison the composition of: ODP 141 (Kilian 
and Behrmann, 2003), SSVZ (D’Orazio et al., 2003), AVZ (Stern and Kilian 1996). 
Mixing curve 1 between the isotopically enriched (A) and depleted (B) mantle sources. ‘A’ is 
possible BGS mantle source (Ba= 6.6 ppm; Th 0.0795 ppm; Sr =19 ppm; 87Sr/86Sr= 0.7052); ‘B’ is 
the Pali Aike mantle source (Ba= 9.9 ppm; Th 0.0795 ppm; Sr =19 ppm; 87Sr/86Sr= 0.7033).  
Mixing curve 2 and 3 between the A-B mantle source mixtures and fluids. Fluid composition 
derived from a mixture of slab-derived (85%) and sediment-derived (15%) fluids. The compositions 
of the fluids are calculated on the basis of the composition of the subducted slab (Chile Ridge; 
Klein and Karsten, 1995) and the composition of the subducted sediment (ODP 141; Kilian and 
Behrmann, 2003). Bulk D values (D= conc.solid/conc.fluid) are 0.2, 4 and 0.5 for Ba, Th and Sr, 
respectively.  
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Thus, on the basis of Ba, Th, Nb, Ta and Sr contents and Sr isotopic compositions, the 
lavas of the meseta de la Vizcachas, MCSC and EGA (south of 49°30’ S) can be modelled 
by the involvement of an unmodified mantle source (Pyrolite; McDonough and Sun, 1995) 
contaminated by less than 2% of bulk sediments (ODP 141) (fig. 4.22). On the other hand, 
the lavas occurring in the M. Muerte, M. Central, Belgrano and MLBA show selected trace 
element ratios and Sr isotopic compositions suggesting different interaction degrees 
between isotopically depleted and enriched mantle sources that, successively, are 
modified by sediment and/or slab-derived fluids (fig. 4.23).  
Co. Ante represents a remarkable exception. In fact, it is located north of 49°30’ S but its 
lavas show chemical evidence suggesting the activation of mantle sources modified by 
sediment-derived melts (see section 4.2). 
 
4.8 He isotopic compositions  
In contrast with Sr-Nd-Pb isotopic compositions, the helium isotopic compositions of CPV 
span in a wide range of values without showing any systematic N-S trend.  
Indeed, although Pali Aike (the southernmost volcanic field) shows slightly lower He 
isotopic compositions than BGS (the northernmost), the limited number of analysed 
samples and the small difference of He isotope ratios, do not allow us to recognise 
systematic differences. In addition, as Pali Aike and BGS volcanic fields show the most 
depleted and enriched isotopic compositions, respectively, the similarity in their He isotope 
values suggests comparable He isotopic compositions for also the depleted and the 
enriched mantle sources.  
On the other hand, aside from the isotopic compositions and the chemical affinity (WP, T, 
O) of the erupted lavas, 3He/4He decrease towards the arc zone, varying from values that 
are only slightly lower than those characteristic of MORB (8 ± 1 RA), to He isotope ratios 
close to the atmospheric values (fig. 4.23).  
Several factors can be considered to account for this wide variation of helium isotopic 
ratios: (i) magma aging en route towards the surface, (ii) degassing processes associated 
with crustal assimilation and (iii) input of radiogenetic 4He associated with subduction 
processes. 
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Figure 4.23. Geographical distribution of air-corrected 3He/4He ratios of selected samples.  
 
(i) Th and U continuously decay in Pb producing radiogenetic helium (4He). Hence, the 
magma aging since its generation to the eruption can change the original helium isotopic 
composition. Using an approach analogous to that of Hilton et al. (1993b), and supposing 
Patagonian magmas are generated by a helium MORB-like mantle source (3He/4He= 8RA 
and He=15x10-6 cm3 SPT/g Sarda and Graham, 1990), it is possible to calculate the 
required route-times to obtain the measured helium ratios (Tab 4.4). As shown in tab 4.4, 
the estimated times for the magma to reach the surface span between 3 and 55 my and 
are difficult to reconcile with the quite primitive compositions of Patagonian lavas and the 
occasional occurrence of mantle xenoliths within them. 
However, if the Patagonian magmas have MORB-like helium contents the expected helium 
concentration within olivine phenocrysts should be approximately of 1.2x10-7 cm3 SPT/g 
(DHeOlivine/melt= 0.008 after Marty and Lussiez, 1993). This value is around two orders of 
magnitude higher than the helium contents of the Patagonian olivine, suggesting that the 
Patagonian magmas are relatively degassed with respect to the typical MORB. 
As shown in tab 4.4, assuming a degassed magma (He = 3x10-6 cm3 SPT/g; obtained by 
the highest He abbundance in Patagonian olivine (2.4x10-8 cm3 SPT/g) and DHeOlivine/melt = 
0.008; Marty and Lussiez, 1993), the radiogenic 4He amounts, needed to obtain the 
measured ratios, are strongly reduced and the calculated route-times span between 500 
ky and 10.1 my. 
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    MORB Magma Degassed Magma 
Sample Th U 3He/4He 4He add. Time  4He add. Time  
 (ppm) (ppm) (R/RA) (ccSPT/g) (Ma) (ccSPT/g) (Ma) 
Pa201   3.44  1.03 6.37 3.06E-06  14.6 6.06E-07 2.72 
Pa221   5.20  1.50 6.09 3.58E-06  12.0 7.10E-07 2.15 
Pa261   3.20  1.08 4.59 6.39E-06  35.3 1.27E-06 5.71 
Pa271   2.87  0.81 3.62 8.21E-06  54.3 1.63E-06 9.05 
Pa279   3.40  0.62 4.65 6.28E-06  36.6 1.25E-06 7.23 
Pa284   4.04  1.10 1.25 1.27E-05  55.0 2.51E-06 10.1 
Pa327   5.71  1.38 5.63 4.44E-06  15.0 8.81E-07 2.71 
Pa361   2.52  0.56 5.44 4.80E-06  41.9 9.52E-07 6.81 
Pa380   4.66  1.22 6.72 2.40E-06  10.3 4.76E-07 1.70 
Pa390 11.6  3.54 6.91 2.04E-06    2.8 4.06E-07 0.53 
Pa409   7.74  2.08 6.75 2.34E-06    5.3 4.65E-07 0.98 
Pa421   5.86  1.40 6.06 3.64E-06  12.5 7.71E-07 2.14 
  
Table 4.4. in which are reported: Th and U contents of the selected lavas; 3He/4He measured 
ratios; 4He add. amount of radiogenic He to obtain the measured He isotopic ratios starting from a 
MORB-like magma (MORB magma) or from a degassed magma (degassed magma); Time: time 
required to obtain 4He add. starting from magmas with Th and U contents. MORB magma is 
characterized by 3He/4He= 8RA and He=15x10-6 cm3 SPT/g (Sarda and Graham, 1990). 
Degassed magma is characterized by 3He/4He= 8RA and He=3.0 x10-6 cm3 SPT/g. λ238U = 
1.55125x10-10/year, λ235U = 9.8485x10-10/year, λ232Th = 4.9475x10-11/year (Steiger and Jäger, 1977)) 
 
Nevertheless, considering that:  
(1) magma differentiation times lesser then 150 ky are proposed by numerous authors on 
the basis of U-series isotope disequilibria and Radon disequilibria (Turner et al., 1996; 
Heath et al., 1998; Chabaux et al., 1999; Zellmer and Turner, 2006) for evolved lavas of 
the Aegean Arc, Martinique and  St. Vincent; 
(2) Claude-Ivanaj et al. (2005) propose short magmas trasport time, on the order of 100-
650 ky between the source and the surface, for basic magmas of Grande Comore Island; 
(3) Blake and Rogers (2005) suggest that the time required in magma chamber to 
generate moderately evolved magmas is of the order of 500 to 1500 yrs. 
(4) more than 10 my are required to produce enough radiogenic 4He to account for the 
lowest Ra value; 
the magma aging an route towards the surface can be ruled out to explain the wide range 
of 3He/4He ratios.  
(ii) As observed in point (i), the helium abundances for Patagonian magmas are about two 
orders of magnitude lower than MORB. These low helium abundances can result from 
degassing processes due to upwelling magma and can play an important indirect role in 
the control of 3He/4He ratios (Hilton et al., 1993a, 1993b, 1995; Gasparon et al., 1994; Van 
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Soest et al., 1998, 2002). In fact, although the He isotopic fractionation during degassing 
may theoretically induce a ~ 15% decrease of the 3He/4He of the residual volatiles (Hilton, 
1996), the main effect is linked to the reducing He contents of magmas and therefore to 
the increase in the susceptibility of 3He/4He to crustal contamination (Hilton et al., 1993). 
The continental crust, in fact, generally has high Th and U contents and hence, high time-
integrated radiogenic He contents. 
Therefore, degassing processes associated with the assimilation of continental crust could 
turn out to be a plausible explanation for the wide variation of 3He/4He ratios.  
Nevertheless, we have to take into account that: 
(1) the helium isotopic compositions show no systematic variances with the lava evolution 
degree  (fig. 4.24);  
 
 
 
Figure 4.24. 3He/4He vs MgO and Ni contents.  
 
(2) the selected lavas do not show any chemical or isotopic evidence of crustal 
contamination; in fact, no systematic variance occur between the decrease of 3He/4He 
ratios and the increase of some distinctive geochemical markers such as SiO2, Rb, K, 
Rb/Sr, Rb/Ba, K/P, which generally characterize the continental crust assimilation 
processes. 
(3) the Patagonian lavas showing low 3He/4He ratios are exclusively located in close 
proximity to the Andean belt. There are no reasons for which only the olivines of the lavas 
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erupted closely to Andean belt record the contribution of continental crust assimilation 
processes.  
These considerations seem to be suggestive that helium isotopes for Patagonian magmas 
record the presence of a source with low 3He/4He during the magma genesis. 
(iii) Metasomatic subduction agents directly modify the chemistry and the isotopic 
composition of the mantle wedge. In fact, the injections of sediments and slab-derived 
fluids and melts in the mantle wedge generate chemical and isotopic heterogeneity that 
are recorded in the arc magmas worldwide (Gill, 1981).  
Concerning He isotopic composition, it is currently a matter of debate if the wide range of 
3He/4He recorded by arc magmas should be linked to the release of radiogenic helium by 
subducting slabs and sediments or to the assimilation of crustal material during the uprise 
of magmas towards the surface (Hilton and Craig, 1989; Hilton et al., 1991, 1992, 1993a, 
1993b; Pedroni et al., 1999; Van Soest et al., 2002).  
Due to the high diffusivity of helium (Hiyagon, 1993a, 1994b), it is widely accepted that 
both slab and sediments liberate a large fraction of the gases in the first stages of 
subduction. Therefore, it is more likely that helium will be lost in the initial stage of 
subduction rather than it could reach the magma generation zones (Hilton et al. 1992). The 
helium isotopic compositions of the arc magmas generated along arc zones with 
significant volumes of subducting sediments (Alaska, Aleutian Island, Java) are in accord 
with this theory. These lavas, in fact, have 3He/4He ratios within the typical MORB-like 
values implying little or no slab/sediment influence (Hilton et al., 2002). 
The increase of radiogenic helium can also result from the increase of Th and U contents 
added to the mantle wedge by the sediments and slab-derived fluids. In fact, as Th and U 
continuously decay, radiogenetic helium (4He) is continuously added to the mantle wedge 
generating, in relatively short times, high He/[Th+U] ratios.   
When these ‘modified’ mantle domains are involved in the melting processes, the helium 
isotopic compositions of the resulting magmas can be significantly lower than the typical 
N-MORB values. In the same way, in fact, Bach and Niedermann (1998) and Martelli and 
al. (2004) accounted for the low 3He/4He ratios recorded in the lavas erupted in the Valu Fa 
Ridge (southern Lau Basin) and Italian magmatic arcs, respectively.  
However, the lack of correlation between the chemical affinity (within-plate, transitional, 
and orogenic) and the helium isotopic compositions of selected lavas indicates that the low 
3He/4He ratios must not be attributed to the activation of fluid melt-modified mantle 
 104 
sources. Nevertheless, the progressive decrease of the helium isotope values towards the 
arc zone seems to be suggestive that sources with high radiogenic 4He are located in the 
mantle wedge beneath the Andean belt.  
 
 
 
Figure 4.25. 87Sr/86Sr vs. 3He/4He for primitive volcanic rocks from Patagonia back-arc. Binary 
mixing lines between Asthenospheric Mantle and Radiogenic Components are shown as solid 
lines. The Asthenospheric Mantle has Sr= 19 ppm, 87Sr/86Sr= 0.7030, He= 3*10-8 cc STP/g; 
3He/4He= 6.34 Ra (like the highest Pali Aike value). The helium abundance in the mantle is 
calculated on the basis of highest He abundance in Pali Aike lavas and assuming (1) Pali Aike 
lavas derive from 5% (f) of batch melting processes and (2) perfectly incompatible helium 
behaviour (Do=0)(Heab. in magmas= Heab. in olivine/ DHeOlivine/melt; Heab. in mantle = Heab. in magmas*(f + Do*(1-f))). 
The Radiogenic Components have Sr= 303 ppm, 87Sr/86Sr= 0.7077 (as ODP 141; Kilian and 
Behrmann, 2003), He= 1*10-5 cc STP/g, 3He/4He= 0.05 Ra, for mixing curve 1, and Sr= 303 ppm, 
87Sr/86Sr= 0.7077 (as ODP 141; Kilian and Behrmann, 2003), He= 3.3*10-6 cc STP/g, 3He/4He= 0.05 
Ra for mixing curve 2. The helium abundances of the Radiogenic Components are calculated 
assuming that they were stored in the mantle for 15 my (mixing curve 1) and 5 my (mixing curve 2) 
and have Th= 8 ppm and U= 2 ppm. The lithospheric Sr-He isotope composition (grey field) is 
drawn using published Sr isotopic compositions (Kempton et al., 1999, Stern et al., 1999, Gorring 
and Kay, 2000, Schilling et al., 2005, Conceição et al., 2005) and original He isotope values of the 
Patagonian mantle xenoliths (Tab 3.4). Chile Ridge compositions are from Sturm et al., 1999. 
 
Another possibility to explain the geographic control of the low 3He/4He ratios could be to 
suppose the involvement of crustal material or terrigenous sediment in magma genesis.  
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In fact, although these components lost a part of their He contents during the first stage of 
subduction (Hilton et al., 1992), they can become an important radiogenic He source if 
stored in the mantle for a sufficient time. Hilton et al. (1991), in fact, proposed a mixture of 
mantle and crustal components as a viable source for the low 3He/4He ratios for Sunda-
Banda arc magmas. 
In same way, very low amounts of crustal components can strongly affect the helium 
isotopic compositions of the Patagonian magmas generating little or no changes in their 
chemistry and isotope values.  
Simple bulk-mixing models, in fact, allow us to explain the lowest 3He/4He ratios supposing 
the involvement of an asthenospheric source contaminated by less than 1% of terrigenous 
sediment stored in the mantle for less than 15 my (see figure and caption 4.25). 
Furthermore, as shown in the figure 4.25, the involvement of lithospheric mantle source 
and contaminated asthenospheric mantle sources by less than 0.5% of radiogenic 
components can explain the Sr-He (and Nd-He) isotope variations. 
It worthwhile noting that in the 87Sr/86Sr vs. 3He/4He diagram 
(1) The Patagonian selected lavas show a similar trend to segment 3 of the Chile Ridge. 
The low values of Chile ridge lavas are explained by Sturm et al. (1999) in the same way. 
(2) This hypothesis is in accord with Sr-Nd-Pb isotopic composition and selected trace 
element ratios (see chapter 4.7). They, in fact, suggest the presence of modified mantle 
sources by sediments or sediment-related melts south of 49°30’S. 
(3) The storage of crustal components for 15 my within the subcontinental Patagonian 
mantle is consistent with the age of the first important tectonic erosions processes that 
occurred just before the first ridge trench collision (Cande and Leslie, 1986; Polonia et al., 
1999).    
 
 
 
 
 
 
 
 
 106 
 
 
 
 
CHAPTER 5 
 
5.1 Comparison between the BGS and the slab-window related lavas 
The chemical and the isotopic compositions of the igneous rocks are widely used to 
characterize the nature of mantle sources activated in the melting processes and to draw 
speculation on the geodynamic significance of the magmatic events.  
Therefore, in this section, a chemical or isotopic comparison between BGS and the 
Patagonian slab-window related lavas (Ramos and Kay, 1992; Gorring et al., 1997; 2003; 
D’Orazio et al., 2000; 2001; 2005; Gorring and Kay, 2001; Espinoza et al., 2005; Guivel et 
al., 2006) is made with the aim to underline chemical/isotopic similarities or differences.   
As shown in figure 5.1:  
(1) The lavas belonging to Group 1a have comparable chemical and isotopic compositions 
with the lavas occurring in Pali Aike volcanic field. Both groups, in fact, show an alkaline 
affinity, comparable normalized multi-element diagrams, the most isotopically depleted 
compositions in the Sr-Nd isotope system and high 206Pb/204Pb ratios (206Pb/204Pb ≈19.0).  
(2) The lavas belonging to Group 1s are similar to some lavas of the ‘Main Plateau’, as 
described by Gorring et al. (1997). In fact, the main chemical features characterizing 
Group 1s (sub alkaline affinity, low incompatible trace element concentrations, ‘kinked’ 
REE patterns, high Sr/La ratios) can be identified in some lavas of the Main Plateau 
Sequence as well. 
(3) The Plio-Pleistocene alkaline lavas (Groups 2Na and 2K) present chemical and 
isotopic similarities with the lavas occurring in the Meseta del Lago Buenos Aires.  
The chemical and isotopic comparisons show that BGS lavas, taken as a whole, do not 
show any systematic difference with the other lavas occurring south of 46°30’ S and 
therefore suggest the involvement of mantle sources with comparable chemistry and 
isotopic compositions. 
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Figure 5.1. Chemical and isotopic comparison between BGS lavas and slab-window 
related extra-Andean Patagonia lavas 
 
 
5.2 Geodynamic Significance 
Although BGS lavas have chemical and the isotopic compositions suggesting the 
activation of the same mantle sources involved in the genesis of magmas erupted south of 
46°S, they cannot be linked to the same geodynamics model.  
The lavas occurring south of the 46° S, indeed, are considered as the result of the melting 
of sub-slab asthenosphere mantle domains due to Chile ridge-trench collisions and of the 
slab-window opening (Ramos and Kay, 1992; Gorring et al., 1997, 2003; D’Orazio et al., 
2000, 2001, 2005; Gorring and Kay, 2001; Espinoza et al., 2005; Guivel et al., 2006). In 
this model, in fact, the opening of the asthenosphere window induces the sub-slab mantle 
to ascend through this gap (slab-window) and to melt due to adiabatic decompression 
processes (Ramos and Kay, 1992; Gorring et al., 1997).  
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Concerning BGS magmatism, the geochronological data reported in this paper are 
incongruent with the slab-window opening under the study zone and, therefore, with the 
activation of sub-slab mantle during the three phases of magma eruptions (phase 1 is 
erupted in late Eocene, ~ 34 Ma; phase 2 has a late-Oligocene to early-Miocene age; 
phase 3 occurred in the last 4 my). 
In fact, although the geometry and evolution of the Eocene ridge-trench collision is poorly 
constrained, it is widely accepted that (1) a segment of Farallon-Aluk ridge collided with 
the Chilean trench south of 43° S approximately 53 Ma and that (2) due to ridge-trench 
geometry, the collision migrated southwards and reached the latitude of the Tierra del 
Fuego at about 40 Ma (Cande and Leslie, 1986; Ramos and Kay, 1992; Ramos, 2005). 
Therefore, the Late Eocene magmatic activity (phase 1 about 34 my ago) at the latitude of 
the BGS area is not temporally coherent with the passage and the opening of the Eocene 
slab window.  
In the same way, the current knowledge on the post-Eocene tectonic evolution of the 
adjacent Pacific zone suggests that during the time interval between late Oligocene to 
middle Miocene (phase 2 occurred from 22 to 16 my ago) no ridge-trench collision took 
place (Tebbens and Cande, 1997).  
Similar considerations can be made for the BGS Plio-Pleistocene lavas. They, in fact, 
occur northwards of the current Chile Tripe Juntion (CTJ) and therefore, outside the 
vertical projection of the Neogene slab-window. Thus, when the Plio-Pleistocene BGS 
lavas were erupted (4-0 Ma), the Neogene slab window started opening further south of 
the current position.  
In addition, the supra-slab location of the activated mantle sources seems to be supported 
by published and original isotope data showing that the nature of the depleted 
asthenospheric mantle sources, that are involved in the genesis of CPV and Chile Ridge 
basalts, are isotopically different. 
Regardless of the geographic positions or ages of the erupted lavas, the Sr-Nd isotopically 
depleted compositions of the Patagonian lavas are always associated with high 206Pb/204Pb 
ratios (~19) (the Plio-Pleistocene lavas of Pali Aike, EGA have comparable isotopic 
compositions with Eocene lavas of the MLBA, Meseta de Somuncura, and the BGS area). 
On the other hand, the Chile Ridge basalts display significantly different 206Pb/204Pb ratios 
(~18.1).  
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Therefore, on the basis of these considerations, the BGS magmatism seems to derive 
from the activation of supra-slab mantle sources; while, on the basis of the discussion on 
the P-T melting conditions, on the chemical/isotopic features of the BGS lavas and of the 
mantle source involved, the sub-continental mantle beneath the study zone seems to show 
both horizontal (chemical) and vertical (isotopic) mantle zoning (fig. 5.2). 
 
 
 
Figure 5.2. Possible mantle structure beneath the study area. The figure is consistent with the 
discussed data in the Chapter 4.  
 
The horizontal mantle zoning, consisting of a progressive increase in arc-related 
components, is supported by both indirect and direct evidences. The direct evidences are 
represented by chemical analyses on mantle nodules in spinel stability fields occurring in 
lava flows and pyroclastic deposits of Co. de los Chenques spatter cone (Rivalenti et al., 
2004a; Bjerg et al., 2005). 
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These chemical analyses, performed on both whole rocks and single phases, show 
variable degrees of LILE enrichment and HFSE depletion (Rivalenti et al., 2005) and are 
interpreted as evidence of the presence of lithospheric mantle domains metasomatized by 
subduction-related agents. The indirect proofs are linked to the chemistry of the erupted 
lavas. The latter, indeed, display a progressive increase in LILE and LREE with respect to 
Ta-Nb contents with the geographic position of the erupted lavas (LILE/HFSE increase 
towards the arc zone) and, thus, imply an increase in the importance of the subduction-
related components stored within the sub-continental mantle. 
On the other hand, the lavas erupted in the eastern sector of the study zone show 
invariantly within-plate geochemical signatures but a wide range of isotopic compositions. 
In fact, the erupted lavas exhibit a progressive shift of the isotopic compositions with time. 
However, P-T melting conditions suggest that this ‘time-controlled’ isotopic variation is 
associated with a progressive decrease in the depths of the mantle domains activated in 
the genesis of BGS magmatism. In this view, the most isotopically depleted compositions 
are associated with the asthenosphere or the deepest part of the lithospheric mantle, while 
the most enriched mantle components seem to be stored in the middle-upper part of the 
mantle lithosphere. In addition, chemical and isotope evidence suggest that the EM-type 
mantle heterogeneity are represented by enriched and fusible components within an 
isotopically depleted matrix.  
Concerning the processes that triggered the melting, different hypothesis can be 
advanced. Skewes and Stern (1979) proposed that the Patagonia magmas originated by 
‘thermal or mechanical perturbations of the sub-continental mantle due to subduction’. In 
the 1990, they reinforced their hypothesis and accounted for the OIB-like chemical 
compositions of the Patagonia lavas supposing the presence of a plume-pudding 
asthenosphere (Stern et al., 1990). Successively, other authors explained the general OIB-
like signatures of some Patagonian mesetas, located north of 46° S, speculating on the 
presence of small hot spots (Kay et al. 1993) or considering lateral mantle flows generated 
by slab roll-back processes, and rising up forced by the particular topography of the 
subducting Nazca Plate (de Ignacio et al., 2001). Alternatively, the BGS magmatism can 
be linked to detaching or/and tearing slab-window models. 
Approximately 25 Ma, in fact, just before the emplacement of Phase 2 in the BGS area, the 
Farallon Plate broke up forming the Guadalupe and Nazca plates north and south of 
Grijalva fracture zone, respectively. The Farallon breakup is associated with a dramatic 
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shift in the subduction direction of its southern fragment (Nazca plate) (Cande and Leslie, 
1986; Tebbens and Cande, 1997). Yáñez et al. (2002) proposed that the abrupt change in 
the pole of rotation of the Nazca Plate could have been generated by the rapid 
modification of the forces associated with the slab-pull mechanism due to the detachment 
of the subducting slab south of 33° S. The generation of the late Oligocene-early Miocene 
magmas in the BGS area and in the whole extra-Andean Patagonia region could result 
from the modification of the subduction geometry due to slab-breaking processes.  
Similar hypothesis are proposed by Muñoz et al. (2000) and Kay et al. (2007) for late 
Oligocene-early Miocene magmatism occurring between 40° and 43° S in the fore-arc and 
back arc setting, respectively. In fact, they attributed the occurrence of these lavas to 
mantle upwelling related to the oceanic plate re-organization. 
In a comparable way, we can be explained the Plio-Pleistocene BGS magmatism. In 
accord with Guivel et al. (2006), in fact, before the subduction of the Chile Ridge axis, the 
strong tectonic coupling between the upper plate (South America) and the young and hot 
oceanic Nazca Plate can induce stretching and tearing processes on the subducting plate 
leading to the opening of a slab-window. 
The proposed detaching or/and tearing slab-window models, however, show important 
differences with the classic slab-window model proposed by Ramos, Kay, Gorring and co-
authors: firstly, the astenosphere window is not generated by ridge-trench collisions; 
secondly, in accord with the isotope data and with the possible mantle structure beneath 
the study zone (fig. 5.2), the melting processes occur in the supra-slab mantle due to an 
increase of heat flows that destabilized the subcontinental mantle and not for adiabatic 
processes induced on sub-slab asthenosphere that uprise through the slab-window 
opening.  
In conclusion, it is not clear what geodynamic processes triggered melting processes but, 
concordantly with Kay et al., (2004), we support that since the Mesozoic breakup of 
Gondwana, the Patagonian subcontinental mantle is close to melting. Therefore, every 
thermal/physical perturbation induced by: (1) the slab window opening, (2) the extension 
processes along transpressional systems, (3) the major changes in plate convergence 
vector and (4) in the slab dip can be able trigger the melting processes in the supra-slab 
sub-continental mantle. 
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5.4 Concluding remarks 
• BGS volcanic fields are located in central Patagonia between 44° and 46° and are 
erupted in three main magmatic phases. The first phase has an late Eocene age; the 
second developed from late Oligocenic to middle Miocenic; the third occurred during Plio-
Pleistocene time. 
• All lavas have quite primitive compositions (MgO > 7; Ni> 120; Cr> 150) showing 
invariantly within-plate geochemical signatures with minor components linked to 
continental crust assimilation and subduction related components. However, the Plio-
Pleistocene magmatism exhibits a progressive increase on the LILE with respect to HFSE 
concordantly with the geographic position of the erupted lavas. From west to east, 
selected element ratios such as La/Nb, Ba/Nb Th/Ta vary from 0.77 to 1.05, 7.2 to 11.9 
and 1.39 to 2.36, respectively. 
• The volcanic products from Cerro Ante, the westernmost Pleistocene (1.46±0.2 Ma) 
spatter cone located close to the Andean Cordillera, are an outstanding exception. Its 
products show basanitic compositions with high K2O/Na2O (1.2-1.9) and high LILE/HFSE 
ratios (La/Nb 2.6-3.2; Ba/Nb 32-34; Th/Ta 13-14).  
• Sr-Nd-Pb isotopic compositions span in a wide range and completely cover the 
isotopic variations of the Cenozoic Patagonian Volcanism. They show a progressive shift 
of the isotopic composition of the erupted lavas with the time. The Eocene products show 
the most depleted composition with the highest Pb isotope values. On the other hand, Plio-
Pleistocene lavas have the most enriched compositions in Sr-Nd isotope ratios and the 
lowest Pb isotope values. Oligo-Miocene lavas fill the isotopic gap in all three isotopic 
spaces (Sr, Nd and Pb). 
• Co Ante lavas have Sr-Nd-Pb isotope ratios within or close to the range of variation 
of the South Volcanic Zone. 
• Chemical and isotopic models suggest that: (1) the Eocene and Miocene alkaline 
lavas are generated by low melting degrees (approx. 3-7%) of a deep and isotopically 
depleted mantle source (deepest lithosphere or asthenosphere). (2) The Miocene 
subalkaline lavas derive from similar melting degrees to the Miocene alkaline magmas. 
Successively, in the travel towards the surface, the alkaline liquids acquire their 
subalkaline nature and their characteristic geochemical imprints (‘kinked’ REE patterns, 
high Cr contents and high Sr/La ratios) reacting with harzburgitic mantle sources and 
assimilating low degrees of crustal materials. (3) The Plio-Pleistocene lavas derive from 
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the activation of enriched mantle components stored in the middle-upper part of the mantle 
lithosphere. As the wide isotope variation is concordant with the degree of melting, we 
suppose that a small percentage of the enriched and fusible mantle domains are stored 
within a depleted and relatively refractory matrix. The increase of LILE/HFSE ratios in the 
erupted lavas is accounted for supposing the increase of subduction-related components 
in the sub-continental mantle towards the arc zone. (4) The Co Ante magma, on the other 
hand, is originated by low melting degrees (approx. 3-5%) of a depleted mantle sources 
contaminated by subducting sediments (5-8%) or sediment-derived melts. 
• Comparisons between BGS and slab-window related lavas do not show any 
systematic difference with the other lavas occurring in the extra Andean back-arc. This 
observation lead to the suggestion that they derived from the involvement of similar mantle 
and crustal sources. 
• On the basis of the discussion on the P-T melting conditions and on the 
chemical/isotopic features of the BGS lavas, we hypothesized the presence of both 
horizontal (chemical) and vertical (isotopic) mantle zoning beneath the study area. 
 
• Scoria/spatter cones and plateau lavas, erupted in the last 15 my along the extra-
Andean Patagonian domain south of 44°S, are characterized by a wide range of chemical 
and isotopic compositions. They show systematic chemical and isotopic gradients in both 
E-W and N-S directions: 87Sr/86Sr ratios increase whereas 143Nd/144Nd and 206Pb/204Pb 
values decrease northwards; selected trace element ratios (Ba/Nb, Th/Ta, La/Nb) increase 
towards the arc zone (westwards).  
• The N-S isotopic trend is consistent with the mixing of partial melts from both 
lithospheric and asthenospheric mantle sources. On the basis of chemical and isotopic 
evidence, in fact, the southernmost plateau lavas (Pai Aike, EGA,) derived from depleted 
asthenospheric mantle sources whereas the northernmost (MLBA, BGS volcanic fields) 
from the activation of enriched mantle components stored in the lithospheric mantle. In 
addition, chemical and isotopic analyses suggest that the asthenospheric mantle source 
activated in Patagonian magmatism is different from the asthenospheric mantle source 
involved by Chile Ridge. Concerning the nature of the enriched components, it is not 
clearly identified due to (1) the relative young age of the Patagonian lithosphere (<500 Ma; 
extreme isotopic composition are not created) and (2) the metasomatic processes that 
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affected the chemical composition of the sub-continental mantle, which are potentially able 
to produce both EMI and EMII –type mantle heterogeneity.  
• The E-W chemical zoning is associated with the increase of subduction-related 
components toward the arc zone. The chemical differences within the lavas with weak-arc 
to arc signatures suggest both fluid-dominated and melt-dominated metasomatizing 
agents.  
• Helium isotopic compositions, in accord with Sr-Nd-Pb and selected trace element 
ratios, suggest the involved of lithospheric enriched mantle sources and contaminated 
asthenosferic mantle sources by less than 0.5% of radiogenic components. The radiogenic 
components must have been stored in the mantle wedge for no less than 15 my and could 
be represented by subducting sediments. 
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CHAPTER 6 
 
Appendix A: ‘Melting Degree’ 
The concentration (C) of the element i in the primary magma X is:  
 
! 
Ci =
Ci
0
[Di + f (1" Pi)]
        (no-modal batch melting equation; Shaw, 1970) 
 
where Ci0  is the concentration of the element i in the source, Di  is bulk distribution 
coefficient, f  is the fraction of melts (degree of melting), Pi  = Xi*Kdi (Xi= mineral fraction 
forming the melt; Kdi = partition coefficient for the element i in the phase X). 
If the magmas X and Y derive from the involvement of the same mantle source but by 
different melting degrees they have comparable Cio. 
So, the ratio (Qi) between the concentration of the element i in the primary magma X and Y 
is:  
  
! 
Qi =
Ci
X
Ci
Y
=
Di + fY (1" Pi)
Di + fX (1" Pi)
             (1)    
 
Similarly, for the element j, Qj is: 
 
! 
Qj =
C j
X
C j
Y
=
Dj + fY (1" Pj )
Dj + fX (1" Pj )
            (2) 
 
The important feature is that both Qi and Qj are independent from source concentration 
and are mainly function of the degree of melting (f) as is evident from equat. (1) and (2).  
 
! 
Qi =
Ci
X
Ci
Y
=
Di + fY (1" Pi)
Di + fX (1" Pi)
Qj =
C j
X
C j
Y
=
Dj + fY (1" Pj )
Dj + fX (1" Pj )
# 
$ 
% 
% 
& 
% 
% 
          (3) 
 
Making use of the equations (3), we can calculate the degree of melting (fx, fy) from which 
primary magmas X and Y derived [Concentration Ratios (CR) method; Maaløe, 1992]. 
For alkaline BGS lavas, CR method with incongruent batch melting equations of Shaw 
(1970) is applied to pairs of samples representing the highest and lowest degree of melting 
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(Co Ante lavas: Pa388-Pa390; Group 1a: Pa417-Pa425; Group 2Na: Pa380-Pat71; Group 
2K: Pa400-Pa421).  
 
(a) The modal source composition:  
     Ol 66%, Opx 20%, Cpx 8% and Gar 6% 
(b) Proportions of mineral forming the melts (incongruent melting): 
     Ol -17%, Opx 19%, Cpx 52% and Gar 46% 
(c) Kd values (McKenzie and O’Nion, 1991) 
(d) The elements, used to calculate melting degrees, are:  
     Nb, as the most incompatible element(Qi), and La-Ce-Nd-Sm-Gd-Tb-Dy-Tm-Yb (Qj) for 
Group 1a, 2Na and 2k while La, as the most incompatible element(Qi), and Ce-Nd-Sm-Gd-
Tb-Dy-Ho-Er-Yb for Co. Ante lavas. 
 
       Group 1a                                Group 2Na                         Group 2K 
                Q                                             Q                                         Q 
Nb 2.74        Nb 1.62        Nb 1.88       
    Fmin Fmax      Fmin Fmax      Fmin Fmax 
La 2.35  1.7 4.7  La 1.35  0.3 0.5  La 1.58  0.7 1.4 
Ce 2.25  2.4 6.7  Ce 1.36  1.0 1.6  Ce 1.42  0.7 1.4 
Nd 1.99  3.6 9.8  Nd 1.38  4.1 6.7  Nd 1.30  1.3 2.4 
Sm 1.76  3.6 9.8  Sm 1.30  4.2 6.8  Sm 1.28  2.0 3.8 
Gd 1.45  3.2 8.8  Gd 1.21  4.5 7.3  Gd 1.26  3.9 7.2 
Tb 1.31  3.2 8.7  Tb 1.13  3.7 6.0  Tb 1.15  2.9 5.4 
Dy 1.21  3.9 10.7  Dy 1.04  1.7 2.7  Dy 1.10  3.4 6.4 
Yb 0.85   2.2 5.9  Yb 0.73   8.2 13.2  Yb 0.82   4.6 8.6 
                 
F average  3.0 8.1     3.5 5.6     2.4 4.6 
               
Fmin and Fmax represent the lowest and the highest degree of melting respectively. 
F average is the average value obtained by arithmetical average of Fmin and Fmax for 
each chemical group. 
In addition, inverse modelling, using previously determined parameters, help to 
determinate REE source concentrations. 
In the following table, REE source concentrations, shown in fig 4.11 are reported in ppm. 
 
  La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
              
Group 1s source 1.55 3.39 2.07 0.50 0.19 0.53 0.09 0.56 0.12 0.30 0.05 0.38 0.07 
Group 2Na source 1.53 3.22 2.00 0.48 0.18 0.53 0.09 0.58 0.13 0.36 0.06 0.46 0.08 
Group 2k source 1.74 3.93 2.57 0.59 0.19 0.59 0.10 0.59 0.12 0.34 0.06 0.42 0.07 
 
In the following table, Co. Ante source concentration obtained by partial melting inversion 
model and shown in fig 4.2 is reported in ppm. 
 
Co. Ante Rb Ba Th U Nb Ta La Ce Sr Nd Sm Eu Ti Tb Yb 
Lower values  5.02 18.95 0.44 0.11 0.58 0.03 1.95 5.03 39.56 3.73 0.71 0.22 498 0.10 0.64 
Higher values 8.65 26.70 0.62 0.17 0.82 0.05 2.58 6.53 53.06 4.58 0.90 0.24 622 0.12 0.64 
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Appendix B: ‘Melt/Mantle reaction’ 
 
Starting from assimilation-fractional crystallization (AFC) equation, 
 
! 
C
m
C
m
0 =
C
A
DC
m
0
" 
# 
$ 
% 
& 
' 1( exp
((DM
A
M
m
)[ ] + exp((DM A M m )             (DePaolo, 1981) 
 
  
 
Where: 
Cm= concentration of the element i in the magma 
CA= concentration of the element in assimilated rock 
D= Bulk solid/ liquid partition coefficient 
C0m= elements concentration in the originary magma 
MA= Total mass of material assimilated  
Mm= initial mass of magma 
 
and supposing a continuous adding of new magma batches with the same composition of 
original unfractionated magma, DePaolo (1981) suggest that the concentration of the 
element i  (Cm) in the resulting liquid  is: 
 
 
! 
C
m
= C
m
0 r(1" F
"Z
)
(r "1)Z
+ F
"Z                               (1) 
 
 
Where: 
C0m= concentration of the element i in the original liquid 
r= Ma/Mc= assimilated mass/crystallized mass 
F= MF/Mm= relative mass of magma remaining 
MF= final mass of magma 
Z= (r+Di-1)/(r-1) 
Di= Bulk solid/ liquid partition coefficient of element i 
 
In this case, as assimilation processes occur between the ascending alkaline melts and 
the surrounding upper mantle whole rock and a single ‘batch’ of liquid reacts with larger 
and larger masses of lherzolite 
C0m, = the elements concentration in the primary alkaline magma (Pa 414 olivine 
corrected) 
CA = the element concentration in the reacting mantle  
Di = bulk solid/ liquid partition coefficient calculated with harzburgite mantle phases  
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Kd values used and bulk solid/melts partition coefficients (Di) 
 
Kd values used     
Harz. 
Reaction  
 Ol Opx Cpx Spn Grt  Product (Di)  
Rb 0.0001 0.0006 0.011 0.001 0.0007  0.0005  
Ba 0.0001 0.001 0.0515 0.001 0.0007  0.0019  
Th 0.0001 0.0001 0.00026 0.001 0.0001  0.0001  
U 0.0001 0.0001 0.00036 0.001 0.0001  0.0001  
Ta 0.0001 0.0001 0.05 0.001 0.0001  0.0015  
Nb 0.0001 0.0001 0.05 0.001 0.0001  0.0015  
La 0.0004 0.002 0.054 0.01 0.01  0.0028  
Ce 0.0006 0.003 0.098 0.01 0.021  0.0048  
Pb 0.0001 0.0013 0.014 0.01 0.0005  0.0010  
Sr 0.0001 0.007 0.067 0.01 0.0011  0.0044  
Nd 0.00105 0.0068 0.21 0.01 0.087  0.0110  
Sm 0.0013 0.01 0.26 0.01 0.217  0.0163  
Gd 0.00155 0.016 0.3 0.01 0.498  0.0252  
Ti 0.006 0.024 0.1 0.048 0.1  0.0170  
Dy 0.00155 0.022 0.33 0.01 1.06  0.0393  
Er 0.00155 0.03 0.3 0.01 2  0.0598  
Yb 0.0015 0.049 0.28 0.01 4.03  0.1060  
Lu 0.0015 0.06 0.28 0.01 5.5  0.1389  
       Mode of Harzburgite 
       reacting 
KdCpx of Ba and Pb  from Hauri et al., 1994.   Olivine 62.0% 
kd of the other elements from McKenzie and O'Nion, 1991. Opx 32.0% 
Kd in italics are supposed    Cpx 3.0% 
       Spinel 1.0% 
       Garnet 2.0% 
 
 
Composition of Pa 414  
Rb Ba Th U Ta Nb La Ce Pb Sr Nd Sm Gd Ti Dy Er Yb Lu 
17.2 324 2.63 0.74 2.46 40 24.8 50 1.92 620 26.1 5.8 5.2 14688 4.0 1.74 1.27 0.159 
 
 
Composition of Pa 414 corrected for 15.2% of olivine fractionation (reacting melt) (2) 
Rb Ba Th U Ta Nb La Ce Pb Sr Nd Sm Gd Ti Dy Er Yb Lu 
15.0 281 2.28 0.64 2.13 35 21.5 44 1.67 538 22.6 5.0 4.5 12750 3.4 1.51 1.10 0.138 
 
 
Composition of Co. de los Chenques mantle nodules (Rivalenti et al., 2004) 
Rb Ba Th U  Ta Nb La Ce Pb Sr Nd Sm Gd Ti Dy Er Yb Lu 
 1.86 0.29  0.01 0.12 0.15 0.38    7.09 0.32 0.11 0.16 360 0.22 0.15 0.15  
 1.11 0.10 0.02 0.01 0.09 0.18 0.56  13.12 0.66 0.27 0.38 720 0.53 0.36 0.36  
 4.76 0.12 0.04 0.01 0.23 0.34 0.50    8.08 0.32 0.10 0.12 300 0.14 0.10 0.10  
 
  
Composition of the reacting mantle (3) 
Rb Ba Th U  Ta Nb La Ce Pb Sr Nd Sm Gd Ti Dy Er Yb Lu 
0.24 2.93 0.12 0.03 0.01 0.15 0.18 0.47 0.05 10.11 0.38 0.13 0.19 600 0.28 0.19 0.23 0.04 
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Therefore, using: the equation (1), the composition of the reacting melt (2), the 
composition of the reacting mantle (3), the bulk solid/ liquid partition coefficient (Di), a final 
magma mass of 1.18 (F= MF/Mm) as suggested by mass-balance calculations for major 
elements (tab.4.3 pag. 70) and a r =1.0006 (Ma/Mc before a new magma batch arrives in 
the system), it is possible to obtain the composition of the modelled melt reported in fig. 
4.5. Composition of the modelled melt is: 
 
Rb Ba Th U  Ta Nb La Ce Pb Sr Nd Sm Gd Ti Dy Er Yb Lu 
10.9 151 1.91 0.54 1.22 20 9.4 19 0.75 236 12.8 3.7 3.9 9549 4.0 1.71 1.18 0.15 
 
 
 
 
 
Appendix C: ‘crustal contamination’ 
 
 Modelled   Pankhurst and Rapela, 1995 Gorring, 1997  Composition 
 Melt   NCHAC-2 NCHAC-3 NCHAC-7 GBX-11 GBX-16 of Lower Crust 
           
Rb     10.9        2         1       1       0.19       0.69       0.98 
Ba   151         54   327   191 
Th       1.91           0.05       0.05       0.12 
U       0.54           0.22       0.04       0.13 
Ta       1.22           0.14       0.29       0.22 
Nb     19.9           2       6.7       4.4 
La       9.4        2.7         2.3       1.4       4.3     10.7       4.3 
Ce     18.6        7.1         5.9       2.6     10.2     23.8       9.9 
Pb       0.75            1.79       4.29       3.0 
Sr   236    682     555   744   432   432   569 
Nd     12.8        4.8         5.3       2.1       6.4     13.6       6.4 
Sm       3.7        1.15         1.52       0.6       1.74       3.53       1.7 
Gd       3.9        1.14         1.77       0.66       1.77       3.12       1.7 
Ti 9549  1380 10380 1200 6540 7560 3380 
Dy       4.0        0.88         1.63       0.57       1.88       3.1       1.612 
Er       1.71        0.5         0.96       0.38       1.01       1.68       0.91 
Yb       1.18        0.41         0.8       0.32       1.02       1.75       0.86 
Lu       0.15        0.07         0.12       0.05       0.168       0.267       0.14 
           
87Sr/86Sr  0.706692 0.707820 0.706509 0.706727 0.707847 0.70685* 
143Nd/144Nd  0.512393 0.512289 0.512473 0.512443 0.512351 0.51243* 
 
Compositions of the ‘modelled melt’ after melt/harzburgite reaction processes and of mafic 
granulites reported in Parkhurst and Rapela (1995) and in Gorring (1997); in the last 
column is reported the composition of the lower crust shown fig. 4.6 and used for the 
modelling of continental crust assimilation processes.  
 
 
 
 
 
 
 
 
 
 120 
(1) Bulk assimilation of the lower crust 
 
 Modelled       Lower 
 
Melt 
(M.M) 
M.M +   
5% L.C. 
M.M +   
10% L.C. 
M.M + 
15% L.C. 
M.M + 
20% L.C. 
M.M + 
25% L.C. 
Crust  
 (L.C.) 
          
Rb     10.9     10.46     10.03       9.63       9.27       8.94       0.98 
Ba   151   153   155   156   158   159   191 
Th       1.91       1.82       1.75       1.68       1.61       1.55       0.12 
U       0.54       0.52       0.50       0.48       0.47       0.45       0.13 
Ta       1.22       1.17       1.13       1.09       1.05       1.02       0.22 
Nb     19.9     19.1     18.5     17.8     17.3     16.8       4.4 
La       9.4       9.1       8.9       8.7       8.5       8.3       4.3 
Ce     18.6     18.2     17.8     17.4     17.1     16.8       9.9 
Pb       0.75       0.86       0.96       1.05       1.13       1.21       3.0 
Sr   236   252   266   279   291   302   569 
Nd     12.8     12.5     12.2     12.0     11.8     11.5       6.4 
Sm       3.7       3.6       3.5       3.4       3.4       3.3       1.7 
Gd       3.9       3.8       3.7       3.6       3.5       3.4       1.7 
Ti 9549 9255 8988 8744 8520 8314 3380 
Dy      4.0       3.8       3.7       3.6       3.6       3.5       1.61 
Er      1.71       1.67       1.64       1.61       1.58       1.55       0.91 
Yb      1.18       1.17       1.15       1.14       1.13       1.12       0.86 
Lu      0.15       0.15       0.15       0.15       0.15       0.15       0.14 
          
Sr/La 25.2 27.6 29.9 32.1 34.2 36.2 133 
Ce/Pb 24.8 21.2 18.6 16.6 15.4 13.9     3.3 
87Sr/86Sr   0.70364   0.70384   0.70400   0.70413   0.70425   0.70434     0.70685 
 
In the first and last columns are reported the compositions of the ‘modelled melts’ (M.M) 
after melt/harzburgite reaction processes and the chosen composition of the lower 
continental crust (L.C). The intermediate columns show the composition of the resulting 
bulk mixing processes between the two compositional end-members. 
 
 
 
In the Sr/La and Ce/Pb vs 87Sr/86Sr diagrams are reported Eocene (big white triangle) -
Miocene (small white triangle) alkaline lavas (Group 1a) and Miocene subalkaline lavas 
(black triangle) (Group 1s). They are compared with lower crust bulk assimilation curves. 
The grey stars represent the mass % of the contaminant. 
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(2) Crustal melts as the contaminant 
 
Geochemical models for crustal magmas required the knowledge of great number of 
parameters such as the composition and mineralogy of the source, the proportions of the 
minerals forming the melt and the melting degrees. Additionally, Patagonian lower crust is 
poorly known and only a limited number of chemical analyses are reported in literature 
(Pankhurst and Rapela, 1995; Gorring, 1997). 
Nevertheless, Pankhurst and Rapela (1995) describe lower crust xenoliths as foliated 
nodules composed of pyroxenite (cpx + opx) or banded plagioclase-pyroxenite (opx + cpx 
+ magnetite + spinel) and model lower crust melts using batch melting equations (Shaw, 
1970) and modal compositions constituted by plagioclase 44-51%, opx 11-18%, cpx 23-
30%, spinel 3-5%, magnetite 1-10%. 
Concerning, the degree of melting and the proportions of mineral constituting the melts, 
important constrains can be obtained exploiting MELTS program (Ghiorso and Sack, 
1995). P-T state diagrams, in fact, help to identified the residual (or the first destabilized) 
phases during equilibrium melting processes and how the degree of melting (percentage of 
melt) increases with the temperature (figure 1). 
 
 
Figure 1: P-T state diagrams obtained with MELTS programs in dry conditions at the QFM 
buffer. The continuous lines identified mineral stability fields while the dashed lines the 
percentage of melts. The used compositions represent lower crust mafic granulites are 
published by Pankhurst and Rapela (1995) (samples CHAC-7 and CHAC-2).   
 
As shown in figure 1, P-T state diagrams reveal the following points:  
i) the mineral assemblage in equilibrium with the used chemical composition and within the 
range of typical pressures (8-13 kBar, i.e. 29-44 km of depth) of the lower crust, is the 
same described by Pankhurst and Rapela (1995) 
ii) the first phases to be destabilized is plagioclase followed by cpx  
iii) opx is a residual phase 
iiii) the percentage of melt vary from 10% to 40% in less than 80° (50° in the second case)  
iiiii) if the percentage of melt is higher than 40% plagioclase is completely destabilized (it is 
not a residual phases) 
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 Lower Crust  
 (L.C.) 
Crustal    
Melt 
Crustal    
Melt 
Crustal    
Melt    
  (1) (2) (3)    
Rb       0.98         3.9         3.4         3.5    
Ba   191     483     410     443    
Th       0.12         0.48         0.45         0.46    
U       0.13         0.52         0.46         0.47  Source  
Ta       0.22         0.86         0.81         0.79    
Nb       4.4       17.4       16.3       16.0  Plagioclase 45% 
La       4.3       15.3       12.4       12.7  Cpx 35% 
Ce       9.9       36.4       29.5       29.4  Opx 15% 
Pb       3.0       10.4         8.4         8.9  Sp 5% 
Sr   569     840     792     897    
Nd       6.4       22.9       18.5       17.5    
Sm       1.7         6.0         4.8         4.5    
Gd       1.7         6.0         4.8         4.4    
Ti 3380 13409 11525 11110    
Dy       1.612         5.6         4.5         4.0    
Er       0.91         3.25         2.63         2.35    
Yb       0.86         3.14         2.54         2.28    
Lu       0.14         0.49         0.40         0.36    
         
Sr/La  133       55       64       70    
Ce/Pb      3.3         3.5         3.5         3.3    
87Sr/86Sr      0.70685                            
 
In the table are reported the compositions of three different crustal melts obtained by 25% 
of (1) modal fractional melting, (2) modal batch melting (3) no-modal batch melting. The 
proportions of the phases forming the melt in the no-modal batch melting process are: pl 
65%, cpx 20%, opx 10%, sp 5%. 
 
 
 
Sr/La and Ce/Pb vs 87Sr/86Sr diagrams. In the diagrams, Eocene (big white triangle) -
Miocene (small white triangle) alkaline lavas (Group 1a) and Miocene subalkaline lavas 
(black triangle) (Group 1s) are reported and compared with mixing curves between 
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modelled melts (M.M.) and crustal melt (C.M.). The crustal melt used is obtained by no-
modal batch melting equation. The grey stars represent the contaminant mass percentage. 
 
The obtained liquids have comparable compositions showing high Sr, Ba and Pb and low 
REE. In figure 2, mixing curves between Modelled Melts (M.M.) and crustal melt (C.M.) 
reveal trends that are consistent with the chemical and isotopic variation of Group 1a and 
Group 1s.   
 
 
 Modelled      Crustal 
 Melt M.M   + M.M   + M.M   + M.M   + M.M   + Melt (3) 
 (M.M) 5%C.M. 10%C.M. 15%C.M. 20%C.M. 25%C.M. (C.M.) 
Rb     10.9     10.58     10.26       9.96       9.69       9.45         3.5 
Ba   151   165   177   189   200   209     443 
Th       1.91       1.84       1.78       1.72       1.67       1.62         0.46 
U       0.54       0.53       0.53       0.53       0.53       0.52         0.47 
Ta       1.22       1.20       1.18       1.16       1.15       1.13         0.79 
Nb     19.9     19.7     19.5     19.4     19.2     19.1       16.0 
La       9.4       9.5       9.7       9.8       9.9     10.0       12.7 
Ce     18.6     19.1     19.6     20.0     20.4     20.7       29.4 
Pb       0.75       1.14       1.49       1.81       2.11       2.38         8.9 
Sr   236   267   296   322   346   368     897 
Nd    12.8     13.0     13.2     13.4     13.6     13.8       17.5 
Sm      3.7       3.7       3.8       3.8       3.8       3.9         4.5 
Gd      3.9       3.9       3.9       3.9       3.9       4.0         4.4 
Ti 9549 9623 9691 9753 9809 9861 11109 
Dy      4.0       4.0       4.0       4.0       4.0       4.0         4.0 
Er      1.71       1.74       1.77       1.79       1.82       1.84         2.35 
Yb      1.18       1.24       1.28       1.33       1.37       1.40         2.28 
Lu      0.15       0.16       0.17       0.18       0.19       0.19         0.36 
          
Sr/La 25.2 28.1 30.6 32.9 34.9 36.7 70 
Ce/Pb 24.8 16.8 13.1 11.0   9.7   8.7   3.3 
87Sr/86Sr   0.70364   0.70401   0.70429   0.70450   0.70466   0.70479   0.70685 
 
 
(3) Plagioclase as contaminant 
 
The composition of plagioclase is estimated on the base previously modelling parameters, 
i.e. the chemical and modal composition of the lower crust.  
 
Thus, considering that: 
i) the estimated chemical composition of the lower crust shows around 600 ppm of Sr, 200 
ppm of Ba, 3 ppm of Pb, less than 5 pmm of La and less than 10 pmm of Ce 
ii) the estimated modal composition of the lower crust displays 45% of plagioclase, 35% of 
cpx, 15% of opx and 5% of sp 
iii) Sr, Ba, and Pb are essentially hold within plagioclase while La and Ce within cpx 
 
a possible plagioclase composition of the lower Patagonian crust could have around 1300 
ppm of Sr, 300 ppm of Ba, 6 ppm of Pb, less than 1 ppm La and 2 ppm of Ce 
 
 124 
 
 
 Modelled      Plagioclase 
 Melt M.M   + M.M   + M.M   + M.M   + M.M   + Composition 
 (M.M) 5%P.C. 10%P.C. 15%P.C. 20%P.C. 25%P.C. (P.C) 
La     9.4      9.0     8.6     8.3    8.0    7.7      1.00 
Ce   18.6   17.8   17.1   16.4  15.8  15.3      2.00 
Pb     0.75     1.00     1.23     1.43    1.63    1.80      6.0 
Sr 236 286 332 375 413 449 1300 
          
Sr/la 25.2 32.0 38.7 45.3 51.9 58.4 1300 
Ce/Pb 24.77 17.8 13.9 11.4 9.7 8.5 3 
87Sr/86Sr  0.70363 0.70420 0.70457 0.70483 0.70501 0.70516 0.70685 
 
 
 
 
Sr/La and Ce/Pb vs 87Sr/86Sr diagrams. In the diagrams, Eocene (big white triangle) -
Miocene (small white triangle) alkaline lavas (Group 1a) and Miocene subalkaline lavas 
(black triangle) (Group 1s) are reported and compared with mixing curves between 
modelled melts (M.M.) and supposed plagioclase composition (P.C.). The grey stars 
represent the contaminant mass percentage of crustal melt. 
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Appendix E: ‘locations and description of samples studied’ 
(1) BGS samples 
Samples were collected in the study zone during Austral Summer 2003 by S. B., M. 
D’Orazio, M. Haller, F. Innocenti, P. Manetti. 
Samples Lat (°) S Long (°) W Zone Representing 
     
M 258    Lava flow 
PA 380 45.30.25 69.20.53 Sierra San Bernardo Lava flow 
PA 382 45.27.14 69.40.17 Sierra San Bernardo Lava flow 
PA 384 45.27.44 69.42.52 Sierra San Bernardo Lava flow 
PA 386 45.28.07 69.23.25 Sierra San Bernardo Dyke 
PA 388 44.42.38 70.46.13 Rio Genoa-Senguerr, Cerro Ante Cone 
PA 389 44.42.38 70.46.13 Rio Genoa-Senguerr, Cerro Ante Cone 
PA 390 44.42.38 70.46.13 Rio Genoa-Senguerr, Cerro Ante Cone 
PA 391 45.08.45 69.12.22 Sierra San Bernardo Plutonic Rock 
PA 393 45.07.06 69.20.09 Sierra San Bernardo Lava flow 
PA 394 45.07.06 69.20.09 Sierra San Bernardo Lava flow 
PA 395   Sierra San Bernardo Lava flow 
PA 397 45.02.59 69.27.38 Sierra San Bernardo Lava flow 
PA 399 44.55.37 69.29.53 Sierra San Bernardo Lava flow 
PA 400 45.11.53 69.58.24 Rio Genoa-Senguerr, Cerro Grande Cone 
PA 401   Rio Genoa-Senguerr, Cerro Grande Cone 
PA 402 45.11.53 69.58.24 Rio Genoa-Senguerr, Cerro Grande Cone 
PA 403 45.12.27 70.01.16 Rio Genoa-Senguerr, Facundo Lava flow 
PA 405 45.10.15 69.59.58 Rio Genoa-Senguerr, Facundo Lava flow 
PA 406 44.52.14 70.04.15 Rio Genoa-Senguerr, Cerro Chenques Cone 
PA 407   Rio Genoa-Senguerr, Cerro Chenques Cone 
PA 408 44.52.40 70.03.45 Rio Genoa-Senguerr, Cerro Chenques Cone 
PA 409 44.52.09 70.06.29 Rio Genoa-Senguerr, Cerro Chenques Cone 
PA 414 44.45.10 69.35.57 Sierra San Bernardo Lava flow 
PA 415 44.42.20 69.36.53 Sierra San Bernardo Lava flow 
PA 417 44.32.59 69.34.57 Sierra San Bernardo Lava flow 
PA 419 45.01.15 69.56.38 Rio Genoa-Senguerr Lava flow 
PA 421 45.17.45 70.12.16 Rio Genoa-Senguerr, Meseta el Pedrero Lava flow 
PA 422 45.41.38 69.14.29 Sierra San Bernardo Plutonic Rock 
PA 423 45.41.38 69.14.29 Sierra San Bernardo Plutonic Rock 
Pa 424 45.47.37 69.18.11 Sierra San Bernardo Lava flow 
PA 425 45.44.54 69.21.53 Sierra San Bernardo Lava flow 
PA 426 45.44.36 69.24.06 Sierra San Bernardo Lava flow 
PAT 182   Rio Genoa-Senguerr, Facundo Lava flow 
PAT 189   Rio Genoa-Senguerr, Facundo Lava flow 
PAT 70   Rio Genoa-Senguerr, Cerro Chenques Cone 
PAT 71 44.39.00 70.10.30 Rio Genoa-Senguerr, Cerro Saiguen Cone 
PAT 72   Rio Genoa-Senguerr, Cerro Saiguen Cone 
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(2) CPV samples 
 
Samples used for regional magmatic study. They were collected during the Austral 
Summers 1998-2000-2001 by S. Agostini, M. D’Orazio, M. Haller, F. Innocenti, P. Manetti. 
 
Samples Lat (°) S Long (°) W Volcanic Fields Zone 
     
PA 201 52.04.24 69.46.27 Pali Aike E Laguna Ana 
PA 221 52.01.47 70.01.07 Pali Aike "Las papas" 
PA-261 51.44.02 71.36.12 Estantia Glencross Area Morro Philippi 
PA-271 51.45.07 71.31.55 Estantia Glencross Area Morro Domeyko 
PA-279 50.31.26 71.40.06 Meseta Vizcachas  Laguna Sarmiento 
PA-284 50.29.06 71.48.57 Meseta Vizcachas  Laguna Sarmiento 
PA-327 49.52.02 71.01.36 Condor Cliff Zone  E. La Betty 
PA-361 48.47.18 71.15.06 Meseta de la Muerte Lago Cardiel 
 
 
Appendix F: ‘Methods’ 
 
Analytical Methods 
Mineral chemistry 
Mineral analyses were performed by S.B under the supervision of prof. Massimo D’Orazio 
making use of a Philips XL30 SEM equipped with EDAX DX4 microanalytical system 
(20kV accelerating potential, 10 nA beam current, 0.5 microM beam diameter)  
 
Major Element Compositions 
Whole rock major elements were determined by XRF at the Dipartimento di Scienze della 
Terra, Pisa University, using ARL 9400 XP+ after an alkaline melting with lithium borate 
(1/7 ratio Sample/ LiBO2). Matrix effects were corrected following Franzini et al., (1975). 
Loss On Ignition (LOI) was determined by gravimetry at 1000 °C after pre-heating at 110 
°C. Relative standard deviation is ca. 1% for SiO2 and 2% for the other major elements 
except for low values (< 0.50% oxide) for which the absolute standard deviation is 0.01%. 
 
Trace Element Compositions 
All trace element analyses were performed at Dipartimento di Scienze della Terra (Pisa 
University) by S.B. under the supervision of prof. Massimo D’Orazio.  
Around 50-100ng of sample was attacked with a mixture of HF+HNO3 in PFA vessel and 
kept on hot plates (≈120 °C) until incipient dryness for two times. Successively, two 
treatments with concentrated HNO3, to remove all residual HF, were performed.  
Then, the sample was dissolved in 1 ml HNO3 and 2 ml H2O. The solution was transferred 
into 50 ml polypropylene volumetric flack with 1ml of 10 μg ml-1  Rh, Re and Bi, as internal 
standard, and made-up to volume with Milli-Q water (18.2MΩ cm).  
Analyses were performed with a VG PQII Plus STE (ICP-MS) in scan mode for all 
elements, with blank subtraction and REE oxides interferences corrections. 
Standardisation was against natural standards (Be-N). Analytical precision was evaluated 
by repeated analyses of international and in-house standards. For He-1 (in-house 
standards; Etna hawaiite; more than 100 analyses), it generally is better of 5% relative 
standar deviation with the exception of Be, Sc, Tb, Tm (6%) and Pb (8%).  
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Pb-Sr-Nd Isotope Analyses  
Pb-Sr-Nd isotope data were performed making use of a Finnigan MAT 262V multicollector 
mass spectrometer installed at Istituto di Geoscienze e Georisorse (CNR, Pisa) by S.B. 
under the supervision of dot. Sonia Tonarini.  
For Pb isotope data, about 150 mg of rock powders are put into PFA Savillex jars for acid 
digestion with HF and HNO3. Lead was separated on teflon columns (h=20 mm, φ=2 mm) 
with around 0.15 ml of Dowex 200-400 mesh anion-ion exchange resin, washed with HBr 
(0.7N) and eluted with HCl (7N). The HBr-washed (1) was collected and successively used 
for Sr and Nd separations. 
Lead separates were dissolved with H3PO4, loaded on Re filaments with TEOS (tetraethyl 
orthosilicate) as activator. Data acquisition is carried out in “static mode”. Before starting to 
measure unknown samples, we repeatedly loaded and analyzed NIST SRM 981 standard. 
NIST SRM 981 average results are listed below: 208Pb/204Pb = 36.5023±0.0322, 207Pb/204Pb 
= 15.4294±0.0107, 206Pb/204Pb = 16.8906±0.0092 (figure1), and are used to calculate the 
fractionation factor (certified values of Todt et al. (1993)) to correct unknown samples. 
More details around analytical and instrumental procedures are in Agostini et al., (2006). 
The HBr-washed solutions (1) were dried and dissolved in 2 ml of HCl (2.5N) and 
successively used for Sr and Nd separations. 
Sr and Nd isotopic analyses were carried out using a Finnigan MAT 262V multicollector 
mass spectrometer and conventional ion exchange methods for Sr and Nd separation.  
Measured 87Sr/86Sr ratios were normalized to 86Sr/88Sr= 0.1194; 143Nd/144Nd ratios were 
normalized to 146Nd/144Nd= 0.7219. During the collection of isotopic data for this study, 
replicate measurements of NIST SRM 987 (SrCO3) and La Jolla standards gave values of 
0.710247 ±11 (2σ) and 0.511851 ±08 (2σ), respectively. 
 
Helium Isotope Determination 
1-2 g of clinopyroxene, ortopyroxene and olivine separates from lherzolite nodules were 
obtained typically from the 0.5-1 mm size fraction by magnetic separations and 
successively by hand picking. 
4-5 g of lavas olivine were extracted from up 1-2 kg of whole rock with a combination of 
heavy liquid, magnetic separation procedures. Then, olivine concentrates were first 
cleaned in dilute HNO3 at 80°C and after washed in distiller water. 1-2 g of pure olivine 
separates was prepared under binocular microscope removing altered grain and those 
adhering basalt. Successively, the mineral separated was cleaned with deionised water 
and with acetone prior to be used for the He isotope analyses.  
He isotope data were performed making use of a MAP 215-50 mass spectrometer 
installed SUERC (East Kilbride, Glasgow) by S.B. under the supervision of dot. M. Finlay 
Stuart.  
Gases are extracted from fluid/melt inclusions in pure minerals (olivine, clinopyroxene, 
orthopyroxene) by in vacuo crushing 1-2 g samples using a 10 sample hydraulic crusher. 
The noble gases are purified in the clean-up system using a combination of SAES® 
getters (GP50 and NP10 at 600 K) and liquid nitrogen-cooled metal trap for the removal 
heavy noble gasses. A hot NP10 getter and a cold GP50 ZrAl getter and a second 
nitrogen-cooled charcoal finger close to the mass-spectrometer source are used to 
minimise the partial pressure of residual gasses during analysis.  The mass spectrometer 
is fitted with a Faraday cup and Burle channeltron electron multiplier operated in pulse 
counting mode. An adjustable slit is used to achieve a resolution of 600 necessary for 3He 
measurement.  
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K-Ar Geochronological Data 
Ar analysis has been carried out on 500 mg of sample using 38Ar spike for the 
determination of 40Ar; conventional getter material were used for cleaning before gas 
sample introduction into the mass spectrometer, operating in static mode. The calibration 
was performed using interlaboratory standards HD-B1, GL-O, LP-6 and Asia 1/65. 
Analytical ages were calculated according to the decay constants of Steiger and Jäger 
(1977). All analytical errors represent one standard deviation (i.e., 68% confidence level). 
K concentrations were measured by flame photometry, adding to 100 mg dissolved 
powered sample 100 ppm of Na and Li as buffer and internal standard. Details of 
analytical methodology are reported by Bologh (1985). 
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Appendix H: Major and trace elements
BGS area
Plutonic rocks Group 1a
PA 391 PA 386 PA 422 PA 423 Pa 424 PA 425 PA 426 PA 414 PA 417
SiO2 49.84 47.37 47.22 47.17 44.28 46.96 44.4 46.86  47.34
TiO2 2.30 1.8 2.19 1.97 2.27 1.85 2.01 2.45    2.83
Al2O3 17.50 14.83 16.75 14.91 12.89 14.3 13.84 13.62  15.01
Fe2O3 9.96 13.92 11.39 12.68 13.77 13.96 14.95 12.63  11.52
MnO 0.12 0.17 0.14 0.15 0.18 0.17 0.18 0.16    0.14
MgO 4.52 8.51 5.10 7.92 11.77 9.55 9.46 9.73    6.79
CaO 9.23 8.22 10.99 9.54 10.43 9.10 9.76 8.93    7.71
Na2O 4.31 3.13 3.69 3.42 2.84 2.99 2.3 2.75    3.95
K2O 1.55 0.65 1.11 1.15 1.02 0.82 0.76 1.05    1.72
P2O5 0.44 0.27 0.45 0.32 0.46 0.36 0.42 0.44    0.7
LOI* 1.48 1.56 1.75 0.25 1.41 0.42 1.17 1.16    1.88
Mg# 50.5 57.9 50.2 58.4 65.8 60.6 58.7 63.4 57.0
Be 1.76 1.63 1.59 1.24 1.12 1.61 2.72
Sc 21 24 25 22 22 19 15
V 190 217 250 198 212 189 178
Cr 127 285 375 283 229 285 90
Co 30 49 62 58 57 52 41
Ni 59 157 263 222 199 202 110
Cu 53 66 69 70 87 51 35
Ga 22.2 19.7 16.2 18.6 19.1 19.5 23.7
Rb 25.7 23.7 17.2 16.7 16.9 17.2 22.4
Sr 729 434 570 511 542 620 1078
Y 22.0 21.6 23.3 20.9 22.4 20.0 21.8
Zr 175 176 174 125 132 172 347
Nb 40 37 50 26.3 32.9 40 73
Cs 0 0.80 0.52 0.45 0.71 0.260 0.64
Ba 332 222 280 190 244 324 577
La 26.2 23.8 31.6 21.5 26.5 24.8 51
Ce 52 49 65 44 55 50 101
Pr 6.5 6.0 7.8 5.6 6.7 6.2 11.9
Nd 27.4 24.2 32.0 23.3 28.0 26.1 47
Sm 6.1 5.5 6.4 5.1 6.1 5.8 9.0
Eu 2.11 1.89 2.27 1.77 2.05 1.79 2.95
Gd 5.6 4.9 5.0 4.8 5.3 5.2 7.0
Tb 0.8 0.76 0.84 0.75 0.83 0.74 0.99
Dy 4.6 4.4 4.5 4.1 4.5 4.0 5.0
Ho 0.79 0.80 0.81 0.78 0.83 0.72 0.81
Er 2.01 1.98 2.03 1.83 2.07 1.74 1.78
Tm 0.240 0.281 0.267 0.243 0.266 0.229 0.225
Yb 1.53 1.64 1.49 1.51 1.64 1.27 1.29
Lu 0.188 0.227 0.218 0.218 0.217 0.159 0.171
Hf 4.1 4.3 3.9 3.06 3.17 4.1 8.0
Ta 2.37 2.36 2.96 1.57 2.00 2.46 4.77
Pb 2.48 2.94 2.46 2.25 2.00 1.92 4.21
Th 2.99 4.2 4.1 2.83 3.17 2.63 6.2
U 1.16 1.14 0.75 0.83 0.74 1.71
139
Group 1s
M 258 PA 393 PA 394 PA395 PA 397 PA 399 PA 415 PA 416 PA 419
SiO2 50.06 52.08 52.06 51.19 51.69 49.78 53.35 52.87  54.58
TiO2 1.84 1.71 1.7 1.81 1.86 1.61 1.59 2.04    1.69
Al2O3 14.84 14.51 14.89 14.75 14.81 14.3 15.46 15.25  15.27
Fe2O3 11.48 11.13 11.58 11.52 11.98 10.88 10.99 10.91  10.64
MnO 0.14 0.13 0.14 0.13 0.15 0.14 0.15 0.14    0.20
MgO 6.37 6.74 7.53 7.21 7.32 6.84 6.42 6.68    6.14
CaO 8.71 8.04 8.25 8.16 8.45 9.07 8.06 8.04    7.9
Na2O 3 3.28 3.17 3.14 3.23 2.96 3.4 3.31    3.35
K2O 0.57 0.64 0.63 0.68 0.79 0.7 0.57 0.92    0.45
P2O5 0.23 0.25 0.22 0.24 0.25 0.23 0.21 0.35    0.18
LOI* 2.06 0.86 0.78 1.01 0.4 2.19 0.3 0.94    0.62
Mg# 55.5 57.7 59.4 58.5 57.9 58.6 56.8 57.9 56.5
Be 0.87 0.88 0.97 0.85 0.69
Sc 17 18 20 18 20
V 161 170 182 150 156
Cr 275 274 249 238 240
Co 36 44 46 40 45
Ni 138 162 143 125 122
Cu 33 39 38 39 36
Ga 19.3 19.2 19.0 19.3 20.2
Rb 8.6 12.6 12.9 9.8 9.8
Sr 339 370 394 316 284
Y 20.0 18.0 19.7 19.9 19.7
Zr 91 88 95 87 83
Nb 14.2 13.8 17.4 12.4 8.6
Cs 0.191 0.38 0.37 0.285 0.34
Ba 128 153 190 127 159
La 10.5 9.5 11.8 9.5 7.0
Ce 19.8 20.6 24.2 19.4 15.3
Pr 2.93 2.76 3.24 2.62 2.2
Nd 13.8 12.7 14.5 12.0 11.0
Sm 4.0 3.7 3.9 3.4 3.6
Eu 1.45 1.19 1.60 1.39 1.35
Gd 4.2 3.7 4.0 3.7 4.2
Tb 0.69 0.64 0.67 0.62 0.67
Dy 3.9 3.5 3.8 3.7 3.8
Ho 0.75 0.68 0.70 0.69 0.69
Er 1.72 1.61 1.75 1.71 1.87
Tm 0.233 0.221 0.244 0.249 0.256
Yb 1.35 1.22 1.37 1.44 1.33
Lu 0.183 0.176 0.197 0.194 0.192
Hf 2.34 2.26 2.44 2.27 2.19
Ta 0.91 0.93 1.13 0.82 0.55
Pb 0.93 1.45 1.72 1.49 1.41
Th 1.19 1.40 1.51 1.27 0.92
U 0.37 0.41 0.46 0.36 0.296
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Group 2Na
PA 380 PA 382 PA 384 PA 405 PA 403 PAT 182 PAT 189 PAT 71 PAT 72
SiO2 46.36 47.73 47.6 48.58 49.59 46.48 47.92 47.28 47.05
TiO2 2.6 2.81 2.73 2.43 2.3 2.71 2.43 2.02 2.05
Al2O3 13.69 15.19 14.83 15.2 15.12 14.48 14.94 14.61 14.6
Fe2O3 12.36 11.67 11.87 11.46 11.29 11.71 11.24 11.77 11.68
MnO 0.15 0.14 0.14 0.14 0.14 0.14 0.14 0.16 0.15
MgO 8.61 7.04 7.59 8.18 8.24 7.57 8.32 9.89 9.66
CaO 8.69 8.81 8.75 8.18 7.98 9.07 8.17 8.42 8.33
Na2O 3.70 4.01 3.78 3.78 3.55 3.75 3.87 3.29 3.17
K2O 1.69 2.07 2.00 1.8 1.69 2.01 1.89 1.59 1.58
P2O5 0.62 0.67 0.63 0.52 0.44 0.64 0.52 0.48 0.46
LOI* 0.24 -0.5 -0.21 0.11 -0.35 0.22 -0.34 -0.42 0.04
Mg# 61.0 57.6 59.0 61.6 62.1 59.3 62.5 65.4 65.0
Be 2.22 2.32 2.00 1.81 2.26 1.94 1.72 1.75
Sc 19 18     17 21 17 18 23 22
V 204 220 189 196 210 190 205 207
Cr 233 221 223 249 241 221 288 286
Co 47 41 43 47 44 45 50 50
Ni 191 148 170 192 137 178 230 226
Cu 47 69 49 47 52 48 62 84
Ga 21.6 23.7 16.8 21.0 22.9 22.1 19.0 20.1
Rb 28.4 35 31.9 34 29.3 31.8 30.6 29.9
Sr 836 872 721 635 839 700 565 561
Y 24.5 23.6 22.2 22.3 23.5 22.5 24.4 24.7
Zr 233 262 218 199 251 215 170 168
Nb 54 56 40 34 53 39 32.3 32.1
Cs 0.61 0.67 0.56 0.65 0.304 0.53 0.62 0.60
Ba 388 428 370 355 411 375 334 354
La 42 45 34 30.4 44 35 30.0 29.6
Ce 82 90 69 61 86 70 59 57
Pr 10.0 11.0 8.3 7.4 10.6 8.5 7.1 7.0
Nd 40 44 33.9 31.0 42 34 28.3 28.0
Sm 8.1 8.4 7.2 6.5 8.2 7.0 5.9 5.9
Eu 2.86 2.65 2.46 1.93 2.61 2.19 1.80 1.84
Gd 6.9 7.1 5.5 5.6 7.1 6.1 5.3 5.4
Tb 0.99 1.01 0.86 0.82 0.96 0.87 0.86 0.84
Dy 5.1 5.1 4.8 4.4 4.9 4.6 4.6 4.7
Ho 0.89 0.86 0.80 0.82 0.88 0.83 0.88 0.91
Er 2.00 2.00 1.94 1.89 1.96 2.00 2.22 2.33
Tm 0.248 0.249 0.219 0.255 0.244 0.250 0.305 0.318
Yb 1.49 1.39 1.49 1.44 1.39 1.45 1.83 1.94
Lu 0.193 0.181 0.182 0.191 0.178 0.202 0.269 0.265
Hf 5.4 6.0 4.7 4.5 5.8 5.0 4.0 4.0
Ta 3.4 3.5 2.46 2.11 3.29 2.47 1.99 1.92
Pb 3.69 4.0 3.7 3.6 4.2 3.37 4.2 7.3
Th 4.7 4.8 3.9 3.4 4.5 3.8 4.2 4.3
U 1.22 1.11 0.98 0.87 0.94 0.82 1.00 1.03
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Group 2K
PA 400 PA 401 PA 402 PA 406 PA 407 PA 408 PA 409 PA 421 PAT 70
SiO2 46.83 46.94 46.88 46.15 45.98 45.96 46.31 47.08 45.81
TiO2 3.06 3.06 2.94 2.38 2.34 2.59 2.38 2.36 2.29
Al2O3 14.47 14.53 14.42 12.94 12.57 13.72 13.4 14.81 13.2
Fe2O3 11.27 11.29 10.98 11.31 11.6 11.87 11.38 11.89 11.16
MnO 0.14 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.15
MgO 7.76 7.53 7.92 12.38 12.86 10.28 11.4 9.39 11.64
CaO 7.51 7.78 7.84 7.23 6.77 7.54 7.02 8.92 6.67
Na2O 4.17 4.17 3.42 3.10 3.05 3.69 3.83 3.26 4.50
K2O 3.09 2.90 2.95 2.48 2.23 2.53 2.66 2.28 2.90
P2O5 0.88 0.83 0.83 0.85 0.63 0.83 0.90 0.64 0.90
LOI* 0.55 1.01 1.51 1.12 1.27 0.71 0.88 -0.33 -0.22
Mg# 60.8 60.0 61.9 71.1 71.4 66.1 69.3 64.0 70.1
Be 3.13 2.65 2.46 2.71 3.03 2.34
Sc 16 15 16 15 18 22
V 180 184 149 167 148 229
Cr 180 195 416 326 480 251
Co 40 41 47 48 46 47
Ni 147 152 375 291 355 201
Cu 39 39 34 32 53
Ga 23.8 23.5 19.0 21.2 20.0
Rb 57 51 45 51 55 59
Sr 932 940 820 906 959 762
Y 25.8 24.3 22.6 24.7 25.0 24.7
Zr 379 332 272 301 341 251
Nb 74 66 56 62 70 38
Cs 0.96 0.92 0.88 0.95 1.01 1.00
Ba 646 618 499 581 565 460
La 65 59 50 54 60 40
Ce 126 114 97 106 115 86
Pr 14.8 13.5 11.5 12.6 13.4 10.9
Nd 58 53 45 49 52 44
Sm 11.1 10.1 8.3 9.4 9.7 8.5
Eu 3.26 2.94 2.79 2.82 3.14 2.31
Gd 8.5 8.0 7.0 7.5 7.6 6.6
Tb 1.15 1.07 0.92 1.04 1.02 0.98
Dy 5.7 5.4 4.8 5.3 5.3 5.1
Ho 0.93 0.90 0.82 0.91 0.90 0.94
Er 2.10 2.11 1.91 2.04 2.04 2.17
Tm 0.268 0.247 0.229 0.264 0.254 0.297
Yb 1.45 1.44 1.39 1.48 1.49 1.73
Lu 0.174 0.181 0.187 0.199 0.186 0.234
Hf 8.3 7.5 5.8 6.8 7.3 6.2
Ta 4.74 4.3 3.5 3.9 4.3 2.48
Pb 5.6 5.26 4.20 5.01 4.06
Th 7.7 6.7 6.1 6.5 7.7 5.9
U 2.04 1.69 1.67 1.76 2.08 1.40
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Co. Ante Lavas
PA 388 PA 389 PA 390
SiO2 46.39 46.30 46.83
TiO2 1.63 1.57 1.62
Al2O3 13.86 13.7 13.70
Fe2O3 9.79 9.46 9.33
MnO 0.15 0.15 0.14
MgO 11.17 10.4 10.08
CaO 9.87 9.46 9.61
Na2O 2.73 2.86 2.21
K2O 3.22 3.51 4.14
P2O5 1.03 0.97 0.92
LOI* 0.06 0.74 0.46
Mg# 72.0 71.2 70.8
Be 4.1 3.3 4.4
Sc 29 31 29
V 258 278 260
Cr 476 500 507
Co 46 42 42
Ni 221 192 174
Cu 49 53
Ga 17.0 16.8
Rb 168 191 219
Sr 1115 1044 858
Y 28.2 26.9 24.8
Zr 309 314 331
Nb 17.8 17.0 14.1
Cs 5.25 6.20 7.00
Ba 573 551 477
La 57 52 37
Ce 130 121 94
Pr 17.3 16.4 13.8
Nd 71 68 59
Sm 11.0 11.3 9.3
Eu 2.89 2.68 2.21
Gd 7.8 7.6 6.4
Tb 1.00 1.02 0.86
Dy 5.1 5.0 4.6
Ho 0.97 0.95 0.88
Er 2.47 2.37 2.25
Tm 0.333 0.35 0.322
Yb 2.17 2.09 2.04
Lu 0.290 0.290 0.292
Hf 8.0 8.4 9.3
Ta 1.06 1.02 0.88
Pb 6.80 2.38 4.68
Th 15.3 14.0 11.6
U 3.9 3.8 3.5
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PA 201 PA 221 PA 261 PA 271 PA 279 PA 284 PA 327 PA 361
Pali Aike    Pali Aike EGA         EGA Vizcachas Vizcachas MCSC M.Muerte
SiO2 47.55 43.08 52.49 51.16 48.47 45.77 48.60 52.49
TiO2 2.85 3.91 2.62 2.81 1.48 1.62 2.35 2.62
Al2O3 14.19 11.11 13.74 13.22 14.82 14.47 14.87 13.74
Fe2O3 3.43 4.68 1.59 2.89 3.13 2.32 2.53 1.59
FeO 7.48 8.51 8.66 8.21 6.77 8.32 7.51 8.66
MnO 0.15 0.18 0.15 0.16 0.15 0.16 0.14 0.15
MgO 9.38 9.72 6.90 7.12 9.96 10.20 8.04 6.90
CaO 9.30 11.82 8.39 8.67 9.42 9.65 7.98 8.39
Na2O 3.03 3.06 3.39 3.31 2.48 2.82 3.71 3.39
K2O 1.28 1.94 1.07 0.95 1.21 1.19 2.32 1.07
P2O5 0.61 0.73 0.34 0.37 0.28 0.38 0.72 0.34
LOI* 0.76 1.25 0.66 1.13 3.07 1.62 0.74 0.66
Li 8.7 8.9
Be 1.51 2.07 1.45 1.36 1.07 1.16 2.27 1.26
Sc 21 22 21 20 24 26 18 22
V 215 244 177 184 201 229 165 181
Cr 296 291 233 240 483 379 260 248
Co 49 52 45 46 44 46 41 48
Ni 207 166 172 175 222 223 164 139
Cu 38 25
Ga 20 20
Rb 24.7 34 26.1 20.2 18.9 27.1 44 16.8
Sr 578 866 431 442 559 583 759 495
Y 25.1 27.7 27.4 25.6 19.1 21.4 24.2 20.9
Zr 177 262 174 174 112 124 320 167
Nb 38 67 24.0 26.3 12.2 12.7 49 20.7
Cs 0.57 0.58 0.56 0.228 0.187 1.30 0.42 0.40
Ba 335 594 205 216 207 232 559 318
La 25.8 43 19.2 19.5 16.1 20.0 46 20.3
Ce 54 86 41 41.8 33 44 89 43
Pr 7.1 10.8 5.5 5.6 4.3 5.7 10.8 5.5
Nd 30.8 46 24.7 25.6 18.2 23.7 43.5 23.3
Sm 7.0 10.0 6.7 6.6 4.2 5.2 8.6 4.9
Eu 2.1 3.0 2.3 2.2 1.4 1.7 2.7 1.8
Gd 6.8 8.1 7.1 6.4 4.3 4.6 7.2 4.7
Tb 0.98 1.16 1.07 1.00 0.60 0.73 0.95 0.72
Dy 5.2 6.0 5.6 5.2 3.8 4.1 5.0 4.0
Ho 0.93 1.04 1.03 0.96 0.72 0.77 0.90 0.76
Er 2.19 2.32 2.43 2.20 1.81 1.91 2.16 1.91
Tm 0.280 0.285 0.34 0.319 0.273 0.281 0.299 0.260
Yb 1.66 1.65 1.79 1.76 1.57 1.61 1.62 1.55
Lu 0.220 0.229 0.246 0.227 0.226 0.224 0.221 0.220
Hf 4.4 5.9 4.4 4.6 3.0 3.1 7.0 4.0
Ta 2.27 3.87 1.53 1.74 0.79 0.75 2.96 1.31
Pb 2.56 3.09 3.7 3.09 3.08 4.4 3.7 2.48
Th 3.4 5.2 3.20 2.87 3.4 4.0 5.7 2.52
U 1.03 1.50 1.08 0.81 0.62 1.10 1.38 0.56
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